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permafrost table) and the lakes that appear 
dark have a water layer beneath the ice 
cover. This finding is important from several 
points of view. Such images could provide 
information to local communities concerning 
which lakes to tap for a winter water supply. 
The biological regime between completely 
and partly frozen lakes is different, the latter 
having far more fish. 

Conclusions 

Satellite-borne active microwave sensors 
offer the only means of obtaining high-resolu- 
tion imagery of polar ice during all times, 
thus penetrating the “observational barrier” 
that has hampered much-needed research. 
Sequential synoptic active microwave im- 
agery of sea ice is urgently needed to test 
and help develop numerical models of air/ice/ 
ocean interaction. Such data will greatly en- 
hance the usefulness of ESMR imagery of 
the gross characteristics of the sea ice 
canopies. 

The only remote-sensing means capable 
of observing subsurface structures of ice- 
caps and glaciers is active microwave. The 
SLAR images of glaciers clearly delineate 
the accumulation foliation planes through 
several meters of snow cover. Those of ice- 
caps reveal a subsurface parallel banded 


structure. Such images promise to provide 
needed data on accumulation amounts, and 
patterns may help in determining surface 
flow patterns. Satellite radar is the best way 
to track and study the metamorphosis of ice 
island (bergs). 

Active microw’ave imaging of lake and 
estuary ice will provide high-resolution, se- 
quential, synoptic data needed to extend the 
navigable season in busy waterways such as 
the Gulf of St. Lawrence and the Baltic Sea. 

The SLAR can be used to determine which 
tundra lakes are frozen to the bottom and 
which are not, an important logistical and 
ecological technique. 

Although the potential of active microwave 
sensors that currently exist has been demon- 
strated as ice sensors, neither U.S. nor 
U.S.S.R. scientists yet know what frequency 
(or combination of frequencies) or what 
polarization (or combination of polariza- 
tions) is best for monitoring either sea ice 
or lake ice. Although earlier theories might 
be used to permit some extrapolation or in- 
terpolation, these too need improvement and 
further verification. Hence, in addition to 
further flights over the ice, both theoretical 
research and research with a microwave 
spectrometer that can be transported onto 
the ice seems to be needed if the optimum 
system parameters are to be established. 
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TECHNICAL APPROACHES 


INSTRUMENTATION 

Radar altimeters, scatterometers, and 
imaging radar are the major instruments 
needed to accomplish the applications dis- 
cussed earlier in this chapter. This section 
describes the instrumentation in terms of 
its functions, future developments, con- 
straints, and applications. 


Altimetry 

Introduction . — Satellite altimetry has dem- 
onstrated the capability for determining 
mean sea level. Although past efforts have 
not achieved the ultimate goal in spatial and 
height resolution, it is attainable in the next 
decade. On attaining this goal, satellite 
altimetry will enable improved knowledge of 
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the geoid, increasing the number of terms 
in the knowledge of the gravity field and the 
upward extension of the surface field. Also, 
the position and density of underwater topo- 
graphic features can be determined from 
geoid undulations and satellite tracking. In 
addition, from waveform analysis of the 
radar altimeter return, global knowledge of 
sea slopes, currents and eddies, and estuarine 
characteristics is possible. From proper 
choice of orbit parameters and system con- 
cepts, an altimeter can provide a global syn- 
optic description of the ocean surface. Fig- 
ure 3-45 shows the differences between the 
“computed” and “measured” sea surface 
from one of the last Skylab experiments as 
a typical example of a first test (ref. 3-45). 

Satellite altimetry . — Satellite radar altim- 
etry has the potential to significantly im- 
prove knowledge of the geoid and sea state 
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Figure 3—45.— -Skylab altimeter pass over the Cape 
Verde Islands. 


on a global basis. Although the data collec- 
tion capabilities are limited to nadir, the 
short-pulse altimeter concept for the simul- 
taneous measurement of surface-height va- 
riations and sea state has experimental veri- 
fication warranting its deployment into 
space. Both the scientific value and the ap- 
plications were emphasized in the Terrestrial 
Environment Solid Earth and Ocean Physics 
Study conducted during August 1969. Based 
on available data, the NASA EOPAP ■' (ref. 
3-45) recognized the importance of satellite 
altimetry and has adopted a long-range phys- 
ical ocean sensing program with objectives 
that rely heavily on this sensor. 

In all the activities to date, the role of al- 
timetry has been visualized to include detec- 
tion of dynamic ocean features (tides, waves, 
currents, etc.) or mapping of permanent 
mean ocean surface topography (geoid). The 
subsurface geological features have been 
known to affect the ocean geoid, and results 
obtained with the Skylab altimeter have cor- 
related this relationship. These correlations 
could result in new applications of altimetry 
for bathymetric positioning of underwater 
topographic features (ref. 3-50). 

The Skylab S193 experimental altimeter 
has demonstrated a system bias change of 
less than 20 cm in approximately 6 months 
of orbital operation. Altitude noise levels 
slightly less than 1 m have been maintained. 

Altimeter tracking over the Great Salt 
Lake and the Great Lakes obtained altitudes 
above mean sea level for these features that 
correlate very nearly to those listed on maps. 
For mapping the ocean topography (ref. 3- 
81), a typical system error model has been 
produced (table 3-VI) . Both the uncorrected 
magnitude and the residual of the best-known 
corrections that are applied to the data are 
shown. 

Antenna beam pointing and antenna 
height bias are the two factors that are most 
critical to mapping surface topography. True 


“NASA: Earth and Ocean Physics Applications 
Program. Vol. I — Executive Summary, Vol. II — 
Rationale and Program Plan, Sept. 1972 (NASA 
internal document, restricted distribution). 
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satellite heights are difficult to determine 
when short orbit arcs are used for analysis of 
the data. Also, the altitude of the satellite is 
continually changing, which affects the an- 
tenna pointing. Therefore, methods have been 
developed to extract pointing information 
from the altimeter waveforms and then to 
apply corrections to the altitude based on this 
information. 

Figure 3-45 also shows data obtained from 
a pass over the Cape Verde Islands on Sep- 
tember 3, 1973. For comparison, the God- 
dard (Marsh-Vincent) geoid (refs. 3-44 and 
3-50) is shown on the graph. The absolute 
difference between the altimeter geoid and 
the Goddard geoid of approximately 45 m is 
well within the estimated orbit uncertainty. 
The dotted line on the graph is the geoid 
shifted for shape comparison. The overall 
comparison is good except for the 12-m un- 
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dulation in the vicinity of the Cape Verde 
Islands. Detailed analyses of the altimeter 
footprint, noise characteristics, and ground- 
track indicate that the altimeter was not over 
land during any part of the pass. Because 
dynamic sea-surface effects could explain 
only a few meters of the undulation observed, 
the geoid undulation observed is surmised to 
be a real feature. 

Figure 3-46 illustrates the altimeter- 
derived geoid for a pass of data taken on the 
Skylab 3 mission on September 13, 1973. 
These data were taken as the altimeter passed 
over the Mid-Atlantic Ridge in the North At- 
lantic. Excellent agreement with the general 
shape of the geoid is again seen and the offset 
is well within the expected orbit accuracy. A 
comparison of the altimeter geoid with the 
bottom topography in the area also shows ex- 
cellent correlation. 

The Skylab altimeter data analysis results 
are representative of numerous data that 
have been studied. The instrument perform- 
ance was excellent, and the geoid shape in- 
formation derived correlates well with the 
Goddard global geoid. Also, a strong corre- 
lation appears to exist between the derived 
geoid and underwater topographic features. 
The agreement between Sklab data and the 
predictions of system models has been ex- 
tremely close (ref. 3-82) . For example, fig- 
ure 3-47 illustrates the agreement between 
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Figure 3-46. — Skylab altimeter pass over the Mid- 
Atlantic Ridge in the North Atlantic. 



Relative time, nsec 

Figure 3-47. — A comparison between Skylab data 
and the predicted waveform (where ( is pointing 
offset from nadir) . 
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Skylab data and a predicted waveform for a 
0.3° pointing error. The low one-sigma var- 
iation indicates the quality of that system 
for determining pointing. 

Future developments . — The AAFE pulse 
compression altimeter development will in- 
crease the radar sensitivity and flexibility. 
This increase improves the radar perform- 
ance over the NRL nanosecond pulse radar 
and establishes the feasibility for use in satel- 
lite altimetry. The GEOS-C altimeter experi- 
ment is primarily intended to demonstrate 
the operational utility of altimetry for geod- 
esy and oceanography. Thus, the GEOS-C 
altimeter experiment follows the Skylab S193 
altimeter experiment in a planned sequence 
of developments leading to an operational 
satellite system for oceanographic applica- 
tions. The GEOS-C altimeter capability to 
measure mean-sea-level and ocean-wave 
heights will be greatly improved over the 
S193 altimeter. Experiments with GEOS-C 
(ref. 3-83) will be improved over the Sky- 
lab experiment because of improved orbital 
determination for GEOS-C. The orbital de- 
termination capability of the GEOS-C experi- 
ment will represent the best in the state of 
the art in this technology and will show from 
planned experiments what factors limit this 
technology for an operational oceanographic 
satellite. The next planned altimeter is for 
SEASAT-A and will have two modes of op- 
eration. In mode A, the altimeter will have 
a maximum range noise of 31 cm at a data 
output rate of 10 Hz, and in mode B, a 10 -cm 
range noise at a data output rate of once per 
second. An internal calibration mode will 
provide a capability of an absolute range ac- 
curacy calibration to within ±25 cm. Ocean 
backscatter coefficients will be determined to 
±1 dB, and the measurement of significant 
wave height H 1/3 of the ocean surface will be 
determined to ±25 percent of Hi , 3 or 0.5 m, 
whichever is greater, in the H 1/3 range of 1 - 
to 20-m wave height. The requirements for 
mode B are the same as for mode A except 
that Hi , 3 will be accurate to ± 10 percent or 
0.5 m, whichever is larger, and that all the 
data outputs specified will be determined in 


real time onboard the satellite instead of by 
ground processing. The mode B goal will be 
achieved by the use of an onboard maximum- 
likelihood processor, which will adaptively 
change the tracking and sea-state algorithms 
as a function of signal-to-noise ratio and sea 
state. 

Applications . — The immediate application 
of active microwave sensors is in the area of 
measuring sea state. The ability of mapping 
sea state globally and synoptically by active 
remote sensors would provide reference data 
needed to plan shipping routes, design ships, 
design offshore structures, and help plan fu- 
ture ports. The knowledge of sea state will 
also enable the testing of present meteoro- 
logical and oceanographic models and aid in 
improving the understanding of the air/sea 
interactions so that better models can be de- 
rived for forecasting sea state and weather. 

The intrinsic values of monitoring sea state 
are not limited to the consideration of wave 
forces or energy. The knowledge of sea state 
in the form of a wave spectrum can be used 
to measure ocean-surface currents (ref. 3- 
66 ). The information on global and synopti- 
cal ocean surface current systems will be very 
cost effective in efficiently deploying ships. 
Understanding mass transport, heat trans- 
port, and current systems has dominant 
effects on economies of marine communities 
and global weather predictions. 

Scatterometers 

Introduction . — Active microwave sensors 
have been used to measure range, reflection 
or scattering coefficient, and shape of the re- 
turned pulse from various objects or scenes. 
The ability with which a scene or object scat- 
ters incident microwave energy can be as- 
sessed by measuring the radar-scattering 
cross sections at various frequencies, polari- 
zations, and incident angles. A microwave 
scatterometer is a special-purpose radar that 
is used to quantitatively measure the target 
reflectance or scattering cross section. Mi- 
crowave scatterometers are usually simpler 
than conventional radars because range and 
velocity measurement capability and the high 
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spatial resolution (short pulse) requirements 
are eliminated. Long-pulse and continuous- 
wave scatterometers have been used to meas- 
ure the scattering signatures of rough 
surfaces such as terrain or the ocean. The 
quantity of interest is the radar-backscatter 
coefficient, which is the backscattered power 
per unit area normalized for antenna gain, 
range loss, and the transmitted power. 

The result of measurements taken to date 
reveals the following information about the 
dependence of the backscattering cross sec- 
tion from the ocean on windspeed : 

1. A range of radar wavelengths exists for 
which backscatter is primarily dependent on 
surface windspeed, relatively insensitive to 
large-scale roughnes. 

2. Backscatter at and near the vertical (0° 
incident angle) monotonically decreases with 
increasing windspeed. 

3. Backscatter from incident angles greater 
than 20° from the vertical monotonically in- 
creases with increasing windspeed. 

A representation of these three features of 
ocean backscatter as a function of windspeed 
and incident angle for 2- to 3-cm wavelength 
radar illumination is shown in figure 3-48. 
For windspeeds less than 1 m/sec, essentially 
no sensible backscatter is seen at any angle 
of incidence; the strong radar return at 0° 
incident angle is from specular mirror reflec- 
tion (shown as a dotted line). As the wind- 
speed increases toward 2 m/sec, patches of 
roughness begin to appear on the surface 
where turbulent gusts at the surface exceed 
the threshold for wind-to-water coupling. 
The small capillary waves generated by these 
gusts produce some backscatter at all angles 
of incidence with very rapid rates of change 
of backscatter as compared to windspeed. 

At windspeeds above approximately 1.5 m/ 
sec, the total surface is essentially covered 
with wind-driven capillary waves from which 
the large waves will grow. The approximate 
magnitude of backscatter cross section at 0° 
and 55° incident angles in figure 3-48 has 
been formed from good, but sparse, data 
taken between the extremes of approximately 



Figure 3-48. — Representation of approximate magni- 
tude of backscatter cross section from the ocean at 
2- to 3-cm radar wavelengths. 

2- to 30-m/sec windspeeds. The continuation 
of the curves beyond 30 m/sec shows that the 
monotonic changes in backscatter cross sec- 
tion initiated at low windspeeds probably do 
not stop abruptly but become very slight at 
higher windspeeds. The local slope of the 
curves at high windspeeds shows that ex- 
tremely accurate measurements of the back- 
scatter must be made to sense small-percent- 
age changes in windspeeds, but this accuracy 
is required over only a small range of back- 
scatter values. Alternatively, the local slopes 
at low windspeeds show that less-accurate 
measurements are required to sense small- 
percentage windspeed changes. 

The set of curves for backscatter is com- 
pared to windspeed at all angles of incidence 
between 0° and 55° lies between the curves 
shown in figure 3-48, being far apart at low 
windspeeds and close together at high wind- 
speeds. 
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Because the change of backscatter com- 
pared to windspeed has a change in sign at 
some incident angle between 0° and 20°, a 
hoped-for discovery would be an incident an- 
gle for which the backscatter cross section is 
constant for all windspeeds. This constancy 
would provide a natural reference backscat- 
ter cross section and eliminate the require- 
ment for absolute backscatter cross-section 
measurements for windspeed measurements. 
The dashed line in figure 3-48 shows that this 
hoped-for “hypothetical incident angle of 
constant backscatter” lies at approximately 
the average level of the backscatter as com- 
pared to windspeed for incident angles be- 
tween 5° and 20°. 

Other aspects of backscatter measurements 
present both an opportunity and a problem : 

1. The upwind, downwind, and cross wind 
viewing directions give different values for 
backscatter cross sections. 

2. The sensitivity of backscatter to upwind, 
downwind, and crosswind viewing directions 
is different at each incident angle. 

3. The sensitivity of backscatter to up- 
wind, downwind, and crosswind viewing an- 
gle at each incident angle is also windspeed 
dependent. 

Figure 3-49 shows typical data of this 
kind. An interesting observation is that the 
upwind-downwind dependency was predicted 



Figure 3—49. — Langley Research Center values of <r° 
compared to wind heading (vertical transmit/ 
vertical receive polarization ; incident angle of 
40°). 


and explained rather well 20 yr ago at NRL, 
assuming specular points as the backscatter 
mechanism and wave tank measurements of 
the probability distributions of surface facets 
as compared to windspeed. These statistics 
included not only the distributions of surface 
slope normals but also the distributions of the 
areas of these specular reflecting surfaces. 
Because NRL could not measure these same 
statistics in other directions, the crosswind 
dependency was not predicted. The problem 
created by this feature of ocean backscatter 
is obvious; with perfect instrumentation — 
that is, no error in the backscatter measure- 
ments but no knowledge of the viewing di- 
rection with respect to the wind direction — a 
radar cross-section data spread of many deci- 
bels will be obtained. For example, in figure 
3—49, a 6-dB spread exists upwind to cross- 
wind at a 13.9-m/sec windspeed, 40° incident 
angle, with an average backscatter coefficient 
over all wind heading angles of —10 dB, 
whereas at a 6.5-m/sec windspeed, the aver- 
age is approximately -15.5 dB, with an 
upwind-to-crosswind spread of 4 dB. 

This problem can only be solved either by 
knowing the viewing direction with respect 
to wind directions or by viewing the surface 
from enough different directions so that the 
upwind, downwind, and crosswind curves can 
be obtained as input data. However, this 
method represents an opportunity because, 
with this curve as input data, the wind direc- 
tion in that resolution cell has also been meas- 
ured. These resolution-cell data at many in- 
cident angles in a swath along the satellite 
path are required to properly map the wind- 
fields over the oceans and/or the pressure 
fields at the 100 000-N/m- level. 

Scientists working with scatterometry data 
have recognized and accepted the facts illus- 
trated by figures 3-48 and 3-49 and, finding 
that the data are repeatable, are starting to 
design their instruments, data-gathering pro- 
cedures, and data-processing algorithms to 
solve the problems and take advantage of the 
directional data to the extent possible, given 
the satellite platform constraints. 

With proper system design, satellite-borne 
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scatterometry will provide a majority of the 
input data required for mapping the wind- 
fields over the oceans with refresh times of 
less than 12 hr. 

Typical scatterometer measurements. — Ra- 
dar observations of the scattering cross sec- 
tions from the ocean surfaces have been con- 
ducted for nearly 30 yr. In almost all cases, 
only the backscattering cross sections have 
been measured. 

The NRL has conducted the most compre- 
hensive measurements of the backscattering 
cross sections from ocean surfaces (refs. 3- 
84 to 3-89). These measurements have been 
conducted at several frequencies and polari- 
zation combinations. Both airborne and 
ground sensors have been used by NRL. A 
summary of the significant NRL measure- 
ments is given in table 3-VII. 

The NASA has flown numerous missions 
with spaceborne and airborne sensors over 
ocean surfaces (refs. 3-63, 3-90, and 3-91). 
Scatterometer data have been collected at 0.4 


and 13.3 GHz. Spaceborne radar data at 13.9 
GHz (Skylab S193) have also been obtained. 
Backscattering cross-section data have also 
been collected by LaRC at 13.9 GHz. Table 
3-VII also presents a summary of the NASA 
measurements. Other data, such as those re- 
corded by Newton and Rouse (ref. 3-92), are 
available. 

The interaction of the ocean surface winds 
and waves is a complex phenomenon. A 
mathematical model of ocean surface rough- 
ness as a function of surface wind velocity is 
not available. The large volume of the radar- 
backscattering cross-section data gathered 
over rough oceans has aided in the under- 
standing of the interaction of waves and 
winds on the ocean surface. In this section, 
typical radar-backscattering cross-section 
data are presented. Problem areas and fu- 
ture efforts for their resolution are also out- 
lined. 

Experimental studies of the sea echo at 
9.2-, 3.2-, and 1.25-cm wavelengths have been 


Table 3-VII. — Available Radar Backscattering Cross Sections Over Water /Ocean Surfaces 


Type of measurement 
and organization 

Wavelengd;h or 
frequency 

Polarization 
combinations ° 

Approxi- 
mate range 
of angles of 
incidence, 
deg 

Range of winds 
or waves 

Spaceborne experiments : 
JSC 

13.9 GHz 

VV, VH, HV, and HH 

0 to 53 

2.1 m/sec to more than 
28.3 m/sec. 

Airborne experiments: 
NRL 

JSC 

LaRC 

0.428, 1.228, 
1.25,4.425, 
and 8.91 GHz 
13.3 GHz 

0.4 GHz 
13.9 GHz 
13.9 GHz 

VV, VH, HV, and HH 
VV 

VV, VH, HV, and HH 
VV,VH,HV,and HH 
VV, VH, HV,and HH 

0 to 89 

Oto 60 

0 to 60 
Oto 50 
0 to 50 

2.1 m/sec to 24.7 m/sec. 

3.1 m/sec to more than 
28.3 m/sec. 

3.1 m/sec to 20.6 m/sec. 

From platform/bridges : 
NRL 

8.6 mm, 1.25, 
and 3.2 cm 

VV 

Oto 80 

0 to 12.9 m/sec. 

Wave tank measurements : 
NRL 

i 

9.375 GHz 

VV and HH 

10 to 86 

Millimeter waves of 
wavelengths from 
1.6 to 6 cm. 


" VV = vertical transmit/vertical receive; VH=vertical transmit/horizontal receive; HH = horizontal trans- 
mit/horizontal receive; and HV = horizontal transmit/vertical receive. 


ACTIVE MICROWAVE REMOTE SENSING OF OCEANS 


227 


described by Kerr and Shain (ref. 3-93). 
These measurements were primarily aimed 
at studying the frequency dependence of the 
radar return at higher angles of incidence 
(grazing angles as much as 4°) . The surface 
winds and waves have not been reported in 
these measurements. 

Measurements of both the ocean-surface 
contour and the backscattering cross sections 
were conducted by MacDonald (ref. 3-84). 
These measurements were conducted at 1.25 
GHz with an airborne radar, and the data 
corresponding to VV and HH polarization 
combinations were gathered. These data are 
shown in figure 3-50. 

The details of ocean-surface wind, signifi- 
cant wave height, and mean-square slopes 
are also given by MacDonald (ref. 3-84). At 
higher angles of incidence (40° to 82°), the 
radar cross section decreases from —30 to 
— 60 dB. Data given in figure 3-50 show a 
strong dependence of windspeed with hori- 
zontal polarization returns relative to verti- 
cal returns. The range of wind velocities for 
these measurements extended from 0 to 15 
m/sec. 

The widely quoted experiments by Grant 
and Yaplee (ref. 3-85) of NRL were per- 

VV 



Figure 3-50. — Naval Research Laboratory data at 
1.25 GHz (ref. 3-84). 


formed at wavelengths of 8.6 mm and 1.25 
and 3.2 cm ; some results are shown in figure 
3-51. These data were taken with a bridge- 
mounted radar system using VV polariza- 
tions. The surface wind velocities ranged 
from 0 to 12.9 m/sec. The height of the ra- 
dar above the water surface was 50 m. 

These measurements show a rapid decrease 
in the backscattering cross section as a func- 
tion of angle of incidence for surface wind- 
speeds below 1 m/sec. At normal incidence 
for scattering, cross section decreases with 
an increase in surface wind velocity. For 
1.25-cm and 8.6-mm wavelengths, the scatter- 
ing cross section increases with wind velocity 
for incident angles higher than 20°. 

These measurements do not include the ef- 
fects of wind direction and winds in excess of 
12.9 m/sec on the backscattering cross sec- 
tion. Furthermore, data corresponding to 
VH, HV, and HH polarizations were not ac- 
quired. 

From 1964 to 1971, personnel of the NRL 
acquired numerous sea return data using a 
single four-frequency airborne radar. The 
four major measurement programs (refs. 3- 
64 and 3-86 to 3-89) conducted by NRL were 
Puerto Rico (1965), North Atlantic (1969), 
Joint Ocean Surface Study I (JOSS I) 
(1970), and JOSS II (1971). Surface truth 
measurements were established by ground- 
based observations. 

A summary of NRL measurements and 
ground data measurements is given by Daley 
(ref. 3-64). The NRL measurements are 
given as the median normalized radar cross 
section (MNRCS). The scattering cross sec- 
tion per unit area has been defined as nor- 
malized radar cross section (NRCS). 

To establish the average value of the back- 
scattering cross section < 7 °, the probability 
distribution of the NRCS must be known. 
For a Rayleigh-distributed NRCS, a° can be 
computed by adding 1.6 dB to MNRCS. Both 
theory and experiment have shown that the 
sea return may have a probability density 
distribution other than that specified by Ray- 
leigh. Hence, the average-to-median ratio 
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may differ from 1.6 dB and depend on the 
sea-surface roughness. 

The previously published data, with the ex- 
ception of JOSS II (ref. 3-89), do not define 
the illuminated area in terms of the two-way 
antenna pattern. Corrections to the NRL data 
are given by Daley (ref. 3-64) . Typical NRL 



Figure 3-51. — Backscattering cross section as a 
function of angle of incidence for surface wind- 
speeds from 0 to 12.9 m/sec (ref. 3-85). (a) 

Wavelength = 8.6 mm. (6) Wavelength = 1.25 cm. 
(c) Wavelength = 3.2 cm. 


data acquired during the JOSS II mission are 
given in figure 3-52. The MNRCS decreases 
with increasing wind velocity at vertical in- 
cidence. The NRL measurements have been 
used to develop models for the frequency de- 
pendence of radar-backscattering cross sec- 
tion from the ocean surface. A more recent 
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Figure 3-52. — Median normalized radar cross section 
as a function of incident angle for various frequen- 
cies and windspeeds (vertical transmit/vertical 
receive polarization) . 

analysis of NRL data shows correlations be- 
tween surface wind velocity and the nor- 
malized radar cross section. Backscattering 
from capillary waves has also been investi- 
gated by NRL (ref. 3-94). 

During a period of several years, many air- 
craft missions have been flown by NASA 
JSC to study the dependence of radar return 
on such parameters as local windspeed, wind 
direction, and the spectrum of the sea. Data 
have been collected using scatterometers at 
frequencies of 0.4, 13.3, and 13.9 GHz. Ex- 
tensive surface truth has been compiled, 
including wind and wave measurements. Air- 
borne laser profilometers were used to meas- 
ure sea-surface spectra. Photographs of the 
ocean and clouds are also available for de- 
tailed correlation analysis. For the 0.4- and 
13.3-GHz scatterometers, the data are col- 
lected simultaneously for incident angles be- 
tween 60° and —60° (ref. 3-95) by using 
coherent Doppler wave techniques. 

The digital-processing program yields the 
backscattering cross section as a function of 
the angle of incidence. The typical backscat- 
tering cross sections for 13.3 GHz are given 
in figure 3-53 (ref. 3-63). These data are 
for NASA JSC mission 119. For the 13.3- 
GHz scatterometer, a strong dependence of 



Figure 3-53. — Backscattering cross section as a func- 
tion of angle of incidence for 13.3-GHz scatter- 
ometer for mission 119 (vertical transmit/vertical 
receive polarization). 

the backscattering cross section on surface- 
wind velocity has been shown (ref. 3-61). 

The NASA 13.9-GHz RADSCAT (also 
known as AAFE RADSCAT) is a multiple- 
polarization system. Data corresponding to 
VV, HH, VH, and HV polarization combina- 
tions and radiometer vertical- and horizontal- 
polarization data (ref. 3-96) can be collected. 
The system antenna can be moved automati- 
cally, corresponding to 0°, 10°, 20°, 30°, 40°, 
and 50° pitch angles, or can be manually ad- 
justed at each of these angles. Figure 3-54 
is a typical example of the data gathered over 
ocean scenes using this system. 

The most recent addition to active micro- 
wave measurements over ocean scenes has 
been the data acquired with Skylab SI 93 op- 
erated in several modes both in-track and 
crcsstrack (ref. 3-97). Scatterometer data 
corresponding to VV, VH, HH, and HV po- 
larization states were gathered. An altimeter 
was also used to collect backscattering cross- 
section data to approximately a 16° incident 
angle. 

Ocean-surface measurements were made 
simultaneously for detailed data analysis, 
and data have been gathered over oceans hav- 
ing calm to hurricane conditions. Examples 
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Figure 3-54. — Backscattering cross section as a func- 
tion of incident angle for a 13.9-GHz aircraft 
RADSCAT (upwind; 6.7 m/sec; vertical transmit/ 
vertical receive and horizontal transmit/horizontal 
receive polarizations) . 

of SI 93 data are given in figures 3-55 and 3- 
56. In these figures, Earth Resources Experi- 
ment Package (EREP) (passes 5 and 8) and 
Hurricane Ava data are given. The S193 
scatterometer data show a strong dependence 
on ocean-surface wind velocity. 

Relationship between hackscattering cross 
sections and ocean-surface wind velocity . — 
This section summarizes significant results 
in the investigation of the correlation be- 
tween radar backscattering coefficient o-° and 
the ocean-surface windspeed W. This correc- 
lation has been investigated intensively dur- 
ing the past decade (refs. 3-63, 3-89, 3-91, 
3-92, and 3-96) and much <j° data have been 
acquired by using airborne and spaceborne 
sensors. The major sources of active micro- 
wave data are NRL, JSC, and LaRC. 

The relationship between <r° and W is cur- 
rently being investigated. However, certain 
conclusions have been made based on air- 
craft- and spacecraft-acquired data analysis : 
1. For angles of incidence beyond about 
25°, the backscattering cross section increases 



Figure 3-55. — Comparison of S193 scatterometer 
backscattering cross sections for EREP passes 5 
and 8 and Hurricane Ava pass. 


with windspeed to 25 m/sec of wind for 13.3-, 
24-, 1.25-, 13.9-, 4.455-, and 8.91-GHz fre- 
quencies. 

2. Near and at vertical incidence, the scat- 
tering cross section decreases with surface 
windspeed. This fact has been observed at 
all frequencies thus far investigated. 

The remote sensing of ocean-surface winds 
can be more effectively accomplished by 
measuring the ratio Qo defined by Krishen 
(ref. 3-63). 

^ _ (7° at or near vertical 

a° at or near 45° incident angle 

(3-14) 

The investigation of the winds over oceans 
can be divided into two parts for remote sen- 
sors: windspeed and wind direction. Detec- 
tion of windspeeds using active microwave 
sensors has been done successfully, but little 
has been accomplished concerning the wind 
direction detection. The prediction of wind 
detection has been investigated by LaRC 
(ref. 3-96) . This aspect of the problem still 
requires more research. 

To study the effect of the wind on the back- 
scattering cross section, the directional spec- 
trum of the high-frequency gravity-capillary 
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1&55.-37 18c55:57 1&56.17 18:56:37 18:56:57 18:57.17 18:57:37 8:57:57 18:58:17 18:58:37 18:5&57 18:59:17 18:59:37 

G.m.t.. hr:inin:sec 

Figure 3-56. — Skylab S193 backscattering cross section as a function of time (roll angle 
of 46.6°: incident angle of 50.7°; Hurricane Ava pass). Data points 1 to 13 refer to 
locations in figure 3-59. 


Structure of the sea could be expressed as 

W{Z)=kZ-h (3-15) 

where k and fcs are constants, Z= 

and p and q are radian wave numbers on the 

ocean surface. 

At higher angles of incidence, the backscat- 
tering cross section can be expressed, in part 
empirically and in part caused by scattering 
from a small gravity-capillary structure, as 
(ref. 3-63) 

<r°ij{0) =fciiy‘' 2 |a,v|- cos' 6 (cosec 6)‘= 

(3-16) 

Inequation (3-16) a,j is defined as 
£-1 

O.HH— , • • 

(cos 0+ Vc— sin= 0)^ 

(3-17a) 

(c-1) [(e-1) sin= e + c] 

ai r= — : 

(cCOS^+ Ve — sin= 6 )- 

(3-17b) 

o.rH — o.Hv — (^ (3— 17c) 


where e is the complex dielectric constant of 
the surface and ki and ki are constants (fci is 
related to constant k) . 

The cosec 6 form given in equation (3-16) 
can be simplified and expressed in cot 6 form 
as (ref. 3-63) 

o-°v(^) =fciVF‘2|aulMcot 0)*^= 

(3-18) 

In figure 3-57, the experimental and calcu- 
lated data (using eq. (3-14)) for upwind 
mission 119 NASA JSC 13.3-GHz data are 
shown. The values of constants are fci = 
0.026, fcj = 1 .324, and fca = 5.47. 

Table 3-VIII is the 1.25-cm data reported 
by Grant and Yaplee (ref. 3-85) . The values 
of fc,. A:,, and k-i, using cot 6 form, are ki — 
0.00107, fc 2 = 1.64, and A :3 = 5.03. 

These studies have also demonstrated that 
scatterometers can be used to determine the 
directional spectrum of small gravity and 
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Figure 3-57. — Comparison of calculated and experi- 
mental scattering cross section for mission 119. 

capillary waves at various surface-wind ve- 
locities. 

Measurements by NRL have also been ana- 
lyzed to determine dependence of o-® on W. 
The values of are somewhat smaller (rang- 
ing from 0.2 to 1.9) compared to the values 
for NASA data. However, the operating fre- 
quency of NASA scatterometers (13.3 GHz) 
is higher than for NRL radar. 

The LaRC has acquired 13.9-GHz data for 
various windspeeds. The values of for 
these data (ref. 3-96) range from 1.4 to 2.0 
(fig. 3-58). 

From the data shown in figure 3-58, the 
measured power factor k, apparently lies 


Table 3-VIII. — Backscatter as a Function 
of Mean Windspeed and Angle for the 
1.25-cm W Case 


Mean windspeed, 
m/sec 

Backscatter, dB, for 

— 

II 

o 

0 

0 

O 

CO 

11 

!l 

o 

0 

o 

© 

II 

3.9 .... 

-14.0 

-25.0 

-28.75 

-31.10 

6.4 

-12.4 

-21.25 

-25.00 

-27.60 

9.0 .... 

- 9.0 

-17.8 

-22.5 

-24.4 

11.5 

- 7.6 

-14.2 

-17.5 

-20.2 



Figure 3-58. — Langley Research Center values of 
backscattering coefficient as a function of wind- 
speed (frequency of 13.9 GHz; vertical transmit/ 
vertical receive polarization ; downwind) . 

somewhere between 1.4 and 2.0 at those inci- 
dent angles at which the radar return is 
dominated by the capillary wave structure. 
Initially, this may appear to be a trivial range 
of uncertainty. Nevertheless, many argu- 
ments have been generated among various 
groups because the value of k^ and the instru- 
ment characteristics essentially define the ac- 
curacy and the upper limit on the measure- 
ment of windspeed. 

The Skylab EREP Hurricane Ava pass 
provides backscattering cross sections for a 
wide range of wind velocities. A quick-look 
evaluation (refs. 3-98 and 3-99) of the Hur- 
ricane Ava data shows a strong dependence 
of <7° on the wind velocity. The S193 RADS- 
CAT gathered data in a crosstrack (right 
only) mode for nominal pitch angles of 0°, 
15.6°, 29.4°, 40.1°, and 48°. The actual an- 
gles attained by the S193 antenna differed 
from these nominal angles. 

The highest pitch angle data (average 
46.6°) were taken from approximate areas 
shown in figure 3-59. The photograph was 
prepared by NO A A. 

The scatterometer data corresponding to 
average roll angles of 31.35°, 40.61°, and 
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West longitude, deg 


Figure 3-59. — Composite photograph showing approximate locations, from north to 
south, of 13 of the data points plotted in figure 3-56. 


46.6° are given in figures 3-56 and 3-60 as a 
function of time. The wind velocities in these 
figures were taken from the report prepared 
by Hayes et al.^ 

During this pass, Skylab was in the solar 
inertial mode. The data drop after G.m.t. 
18:58:17 is due to attenuation by the 0° 
Doppler filter. The dashed line marked 1-dB 
bandwidth point corresponds to a Doppler 
filter attenuation of 1 dB. No Doppler filter 
corrections have been done for the data given 
in these figures. In figure 3-59, locations of 
points 1 to 13 of figure 3-56 have been shown. 

To study the wind dependence for data pre- 


* Hayes et al.: A Preliminary Analysis of the Sur- 
face Truth Data To Be Correlated With the Skylab 
2 Data Obtained for S193 Microwave Investigators. 
Informal report prepared for NASA JSC under con- 
tract NAS9-13642, Aug. 1973 (unpublished data). 


sented in figures 3-56 and 3-60, a function of 
the form 

= (3-19) 

was used. A least-mean-square fit yields the 
following results (ref 3-98) : 

1. For the average roll angle 31.35°, k-,— 
0.65. 

2. For the average roll angle 40.61°, k.= 
0.60. 

3. For the average roll angle 46.6°, k-,= 
1.89. 

This wind dependence has been investigated 
for the data only to G.m.t. 18 :48 :17 ; the wind 
direction was very nearly downwind for these 
data points. No atmospheric corrections were 
made to the data. 

Problem areas . — The comparison of back- 
scattering cross sections from the various ex- 
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Figure 3-60. — Skylab S193 backscattering cross section as a function of time for Hurri- 
cane Ava pass, (a) Roll angle =z 31.35° ; incident angle = 33.92°. (6) Roll angle 

=40.61°; incident angle = 43.8°. 
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periments reveals a wide spread of values un- 
der supposedly indentical ocean conditions. 
This disagreement has caused concern within 
the community of applications investigators. 
The sources of disagreement cannot easily be 
identified, and many of them still remain un- 
known. Common sources of disagreement 
fall within the following categories. 

Description of the sea : The sea surface 
and its environment are a complex phenom- 
enon. The identification of the ocean scene 
has not been given adequately in a majority 
of experiments. Ocean-surface data (sea 
spectra, surface-wind velocities, fetch, dura- 
tion, effect of distant storms, surface con- 
taminants, etc.) and intervening medium 
data (temperature, pressure, moisture, cloud 
cover, rainfall rate, spray, etc. ) have not been 
fully specified. Even for the eases in which 
these data are partially given, the accuracies 
of the measurements and the methods of data 
processing differ greatly. For example, the 
height at which the surface winds are meas- 
ured differ between experiments. 

System and calibration problems : A thor- 
ough evaluation of the systems used for 
measuring ocean backscattering cross sec- 
tions has not been reported in many investi- 
gations, and the precision and accuracy of 
the radar system has been neither measured 
nor documented. One-time determination of 
precision and accuracy is not sufficient be- 
cause these measurements should be per- 
formed just before or after data have been 
collected with the system. The usual difficul- 
ties are encountered in accurate calibration 
for an absolute measurement of the radar 
cross section. The calibration methods for 
various radars differ significantly. 

Platform perturbations: The changes in 
the attitude of the aircraft or spacecraft 
cause errors in the measurements. In many 
investigations, the effects of platform atti- 
tude variations are not properly compen- 
sated. Furthermore, the relative direction of 
flight should be properly maintained with 
respect to the known surface-wind vector for 
experimental aircraft missions. Otherwise, 


an unknown bias may be added to the data, 
as illustrated in figure 3-50. 

Data collection and processing techniques : 
Subtle differences are observed in data collec- 
tion techniques among various investigations. 
The extent of averaging of the data differs 
for various experiments. When several hours 
are required for collection of <7° as a function 
of angle-of -incidence data, the wind veloci- 
ties may have changed direction significantly. 
When large areas are averaged, a nonuni- 
form windfield could exist. 

The algorithms used for processing the 
data differ in many cases. In several investi- 
gations, the value of backscattering cross 
section is referenced to an arbitrary number. 

Future research and development . — The 
performance of NASA 13.3- and 13.9-GHz 
scatterometers has been fully demonstrated 
by aircraft and Skylab missions. However, 
these systems were basically experimental. 
These programs have indicated a need for 
improving both hardware and software capa- 
bilities. Also, procedures for collecting the 
data should be revised for an operational 
system. 

The decade ahead requires systems that 
can be run reliably for extended periods of 
time. Also required are computational tech- 
niques that will automatically yield backscat- 
tering cross-section data without manual 
processing. To achieve this goal, the follow- 
ing recommendations for research and de- 
velopment are given : 

1. Improved radar calibration techniques: 
After each data collection period, a calibra- 
tion period should follow. The frequency of 
these calibrations will depend on the per- 
formance of the system. Some technique of 
external calibration should be adopted. Cor- 
ner reflectors over smooth deterministic tar- 
gets can be used for airborne and spaceborne 
scatterometers. Internal calibrations are un- 
desirable because they do not involve all the 
paths through which the actual returned en- 
ergy goes. 

2. Improved systems design: Improve- 

ments are needed in the reliability of the an- 
tenna pointing, switching logic, and polariza- 
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tion isolation. System drifts, resolution, and 
noise-level fluctuations must be reduced in 
future airborne and spaceborne systems. 

3. Data-processing techniques ; For opera- 
tional systems, highly efficient data-process- 
ing techniques are needed; no reliable data 
display techniques have yet been advanced. 
Onboard processing of the data should be ex- 
plored, and the digitally processed data 
should be color coded to display ocean winds 
and waves for visual interpretation and use. 
These programs should be capable of proc- 
essing large volumes of reflectivity data and 
displaying these data on a world map. 

4. Calibration data measurements: For 

spaceborne and airborne instruments, the 
calibration data corresponding to each sub- 
system are usually measured in the labora- 
tory. The amplifier, mixer, and filter gains 
are some examples. For instruments flown 
for extended periods, these internal gains 
change with time. To alleviate this problem, 
automatic calibration modes should be de- 
signed to check all calibration data needed 
to calculate backscattering cross sections 
from raw data. 

Imaging Radars 

An imaging radar has been selected as one 
of the active instruments for the SEASAT-A 
payload. An imaging radar was flown in 
space during the Apollo 17 mission, when the 
Apollo lunar sounder experiment used syn- 
thetic aperture techniques to map the lunar 
surface and to sound the near-lunar subsur- 
face. Imaging radars have been flown on nu- 
rnerous aircraft and have detected several 
ocean surface and ice phenomena that are of 
interest to oceanographers. 

Almost all ocean and ice mapping require- 
ments can be fulfilled with radars using syn- 
thetic aperture techniques from satellites or 
with radars using synthetic or real aperture 
techniques from aircraft. The width of sur- 
face imaged from an aircraft platform is ap- 
proximately 10 to 20 km. However, the width 
imaged from spacecraft can be 1 to 200 km, 
which is comparable to the width of an ERTS 
photograph. Aircraft platforms can be either 


dedicated aircraft or commercial aircraft. 
Dedicated aircraft have the advantage of be- 
ing the most fiexible for observation, param- 
eter modification, and target selection. Ra- 
dars carried aboard commercial aircraft 
could provide quasi-global coverage, particu- 
larly when there are no imaging radars in 
space. Spacecraft are the only way to obtain 
global coverage, which is vitally important 
to the monitoring of wave climatology and 
polar ice. The tradeoffs between aircraft and 
spacecraft are discussed further in this sec- 
tion. 

The use of either spacecraft or aircraft 
imaging radars is suggested for the following 
research and application programs : 

1. The mapping of ocean-wave buildup in 
storms. 

2. The global monitoring of ocean-wave 
spectra. 

3. The mapping and monitoring of oil 
slicks. 

Imaging radar observables . — The use of 
imaging radars for oceanographic observa- 
tions has been generally overlooked, although 
these radars have been flown in numerous 
configurations and over numerous portions 
of the Earth. However, the following phe- 
nomena have appeared in existing imagery. 

1. Ocean waves with wavelengths of 50 m 
or more. 

2. Ocean-wave diffraction patterns near 
shores and structures. 

3. Oil-slick patterns caused by internal 
waves. 

4. Slicks from oil and/or freshwater. 

5. Ocean-wave differences at current boun- 
daries. 

6. Kelp beds. 

7. Sea ice cover (floes, leads, polynyas, and 
ridges) . 

8. Ocean-wave attenuation in shallow 
areas. 

9. Lake ice cover (floes, leads, polynyas, 
ridges, and estuary ice cover). 

Thus, the imaging radar apparently senses 
two different aspects of the ocean surface: 
the longer gravity waves, which disturb the 
ocean surface with scales larger than the ra- 
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dar resolution ; and the relative abundance of 
very small capillary waves, which disturb the 
ocean surface with scales near the radar 
wavelength. 

Some instrumental constraints . — A pri- 
mary requirement for imaging radars is that 
they be carried on aircraft or spacecraft plat- 
forms. These moving platforms provide the 
motion that carries the radar past the target 
so that its Doppler history can be mapped to 
a single point (synthetic aperture) or so that 
the target is backscattering for only a short 
period when it is in a narrow antenna beam 
(real aperture). 

An aircraft platform is advantageous be- 
cause radars can be varied and the observa- 
tion area can be easily targeted. Radar pa- 
rameters such as wavelength can be as short 
as approximately 1 cm and as long as a few 
meters, and resolutions and polarizations can 
be changed with moderately little difficulty. 

Investigators at JPL have developed a mul- 
tifrequency synthetic aperture radar that op- 
erates at wavelengths of 3.5 and 25 cm and 2 
m, with a nominal resolution of 10 to 30 m. 
This JPL radar is configured to operate on 
the NASA GV-900 operated by the NASA 
Ames Research Center. Another aircraft 
dedicated to active radar experiments would 
be a valuable asset to ocean, ice, and other 
observations. The primary advantage of the 
dedicated aircraft would be the ability to tar- 
get its observation area and to allow targets 
to be imaged at different angles of incidence. 
Jet aircraft fly at altitudes of slightly less 
than 15 km ; thus, image swath widths could 
be 15 km either side of the aircraft. 

Aircraft platforms for imaging radars can 
also be provided by large commercial jets, 
which routinely fly regular routes. Using 
spacecraft construction techniques, an imag- 
ing radar would have low weight, power, and 
volume. The NASA has developed other non- 
radar instruments to be carried aboard com- 
mercial aircraft. If this commercial aircraft 
were flown on ocean routes, oceanographers 
would be provided with ocean-wave spectra 
across an ocean basin. If this commercial air- 
craft were flown over the North Pole, daily 


images of sea ice could be obtained to help 
monitor ice motion. Imaging radars operat- 
ing daily on a commercial aircraft could pro- 
vide valuable quasi-global radar images dur- 
ing the next decade when global monitoring 
by spaceborne imaging radars is not possible. 
This period would occur before SEASAT-A 
is operating, several years after SEASAT- 
A is shut down, and before Space Shuttle 
follow-ons are launched and operating. 

Satellites and the Space Shuttle will pro- 
vide the only platforms for truly global cov- 
erage. In addition, spaceborne imaging ra- 
dars can have swath widths of 1 to 200 km 
and will provide imaging capabilities similar 
to ERTS space photography. Spacecraft plat- 
forms for imaging radars in the 1970’s and 
1980’s include the automatic unmanned 
SEASAT-A, presently scheduled for launch 
in 1978 ; the manned adaptable Space Shuttle 
Spacelab missions, scheduled for launch in 
the early 1980’s ; and Space Shuttle launched, 
automatic, and unmanned spacecraft, sched- 
uled for launch in the late 1980’s. Current 
plans for SEASAT-A operating parameters 
are given in table 3-IX. 

In summary, both aircraft and spacecraft 
platforms are needed for radar imaging of 
ocean and ice phenomena. Aircraft have 
swaths as much as 15 km but can be easily 
targeted to areas of interest, if an aircraft is 
dedicated to active microwave remote sens- 
ing. Quasi-global coverages can be obtained 
with radar images carried aboard commercial 
aircraft, which will provide valuable data 
when no spacecraft are in orbit. Radar imag- 
ers on spacecraft have the advantage of pro- 
viding global coverage with wide swaths of 
200 km, which yield imagery like that ob- 
tained at optical wavelengths by the ERTS 
spacecraft. 

Finally, a need exists for a real aperture 
radar imager that could be carried on a slow- 
moving or stationary lighter- than-air ship or 
that could be stationed on land. This type 
imager would be extremely valuable for map- 
ping oil slicks that are fairly local and gen- 
erally slow moving and that may not easily 



238 


ACTIVE MICROWAVE WORKSHOP REPORT 


be imaged by the fast-moving platforms 
needed for the other ocean and ice phenom- 
ena. ' 

Research problems and applications. — The 
research problems addressable by imaging 
radar techniques are generally related to 

(1) ocean waves and their behavior in storms 
and near currents, shorelines, and structures ; 

(2) behavior of oilspills under the influence 
of winds and currents; and (3) sea and lake 
ice dynamics and iceberg motion. - 

Ocean surface waves : The imaging radar 
is the only instrument presently existing that 
can provide maps of the behavior of ocean 
waves under heavy cloud cover in storm con- 
ditions. Tropical cyclones and high-latitude 
storms generate wavefields of great destruc- 
tive capability at precisely those times when 
wave information is most difficult (if not im- 
possible) to obtain. The radar is a promising 
instrument for providing these data. Present 
indications are that a spaceborne or airborne 
radar with 10-m resolution can image wave- 
fields in all wavelengths from approximately 
20 m in length to some unknown upper limit. 
Images of wave systems and amplitude meas- 
urements are required when the wave pat- 
terns change appreciably in space. This re- 
quirement is also needed near hurricanes 
and storms or in the vicinity of shorelines, 
jetties, harbor mouths, and offshore struc- 
tures. Similarly, images are useful near cur- 
rent boundaries such as the Gulf Stream. 

Table 3-IX. — SEASAT-A Imaging 
Parameters 


Wavelength, cm 21.4 

Frequency, GHz 1.3 

Swath width, km 10 000 and 200 

Image length, km 10 to 100 

Nadir angle at beam center, deg . . 20 

Angle of incidence at beam center, 

deg 22 

Surface resolution : 

Swath of 10 or 100 km, m 25 by 25 

Swath of 200 km, m 100 by 200 

Signal-to-noise at beam center, dB 10 to 15 

Orbital altitude, km 800 

Orbital inclination, deg 108 


In the open ocean, images by themselves 
may not be required; instead, a spectral 
description is adequate for the spatial homo- 
geneity. The desired quantity is the distribu- 
tion of wave energy among various wave- 
lengths propagating at varying angles (i.e., 
the two-dimensional power spectral density) . 
The current thinking is that imaging radar 
probably gives the slope spectrum rather 
than the amplitude. These two spectra are 
related by simple algebraic transformations. 

Oilspills : Because of the damping effect of 
oils on capillary wave structure, oilspills 
(both natural and manmade) should be visi- 
ble on imaging radar pictures. For example, 
it should be possible to assay the existing 
amount of surface oil cover in a region such 
as the eastern Gulf of Mexico, which will 
soon be opened for oil exploration and drill- 
ing, and, once in possession of these baseline 
data, determine if significant increases in 
that coverage have occurred because of the 
drilling operations. Furthermore, the drift 
of oilspills under the influence of currents 
and winds may be observed, especially in bad 
weather. This observation is probably best 
accomplished from aircraft optimized for 
coastal zone viewing. 

Sea and lake ice dynamics and iceberg mo- 
tion: The discussion related to polar, sea, 
and lake ice dynamics and the iceberg motion 
study using a SLAB is given in the section of 
this chapter entitled “Polar Ice Fields.” 

Recommendations: imaging radars. — In 

the first few years of the 1970’s, the poten- 
tial benefits of observing ocean and ice phe- 
nomena with a spacecraft imaging radar 
have been established by many programs, 
which have shown that ocean wave and ice 
patterns, forms, and structures appear in ra- 
dar images. In the remainder of the 1970’s 
and in the 1980’s, imaging radars will be 
flown on SEASAT and the Space Shuttle. For 
the SEASAT and Space Shuttle missions, the 
first missions to carry imaging radars in 
Earth orbit, the radar parameters are being 
established by well-organized and well-oper- 
ated programs of user/instrumenter interac- 
tions, such as the SEASAT user and instru- 
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ment working goups. No doubt exists that 
these early imaging radars will observe and 
measure interesting and important ocean and 
ice phenomena. 

The scientific and application values of 
these radars can be further enhanced by care- 
ful surface-truth verifications. These surface- 
truth programs are presently underway and 
must be continued throughout the 1970’s and 
1980’s. For imaging radars, it is very im- 
portant to establish the physical surface 
mechanism of ocean waves that modulates the 
echo power and to establish the relationship 
that will convert a two-dimensional trans- 
form of a radar image into a two-dimensional 
wave spectrum. Also, the monitoring of wave 
buildup in large storms is very important. 
Ice observation programs must be continued 
so that the relationship between radar and 
echo and ice form can be established. 

Measurement characteristics . — Experi- 
ments concerning nanosecond radar returns 
from the ocean surface have been conducted 
by NRL from a fixed tower in Chesapeake 
Bay, from ships, and from aircraft (ref. 3- 
100 ). 

The ability of the radar. to profile is shown., 
in figure 3-61. The upper trace is a laser 
profile of sea surface taken along the aircraft 
groundtrack. The bottom trace was obtained 
simultaneously by an NRL nanosecond radar. 
In this comparison, the spot size of the laser 
was approximately 0.05 by 1 m, and the spot 
size of the radar was approximately 10 m. 
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Figure 3-61. — Radar ocean profile return. 


The poorer resolution of the radar does not 
affect its ability to return significant infor- 
mation on the vertical structure of the sea 
surface. The only information lost by the use 
of 10-m resolution is basically from the 
shorter water waves and capillary waves, 
which contain only a small percentage of the 
entire energy of the wave spectrum. In the 
surface contour radar, the average of a set 
number of returns would provide the range 
from the aircraft to the spot on the ocean 
illuminated by the radar. As the radar is 
scanned crosstrack, it will provide a cross- 
track profile of the sea surface. As the air- 
craft advances downrange, successive cross- 
track profiles are recorded, which produce a 
three-dimensional plot of the ocean surface. 

Experimental apparatus . — A block dia- 
gram of the surface contour radar is shown 
in figure 3-62. The ranging circuitry would 
consist of a discriminator, a range-time to 
pulse-height converter, and a low-pass filter. 
The output of this circuitry would be a plot 
of range time, which is equivalent to vertical 
sea structure as compared to clock or experi- 
ment time. These data would then be digi- 
tized and stored On tape. All the components 
shown in figure 3-62 and the components of 
the ranging capability are readily available. 

The elliptical wobble plate, which would be 
approximately 50 cm in diameter, would be 
mounted in the lower portion of an aircraft 
fuselage, although not so low as to be within 
the airstream. The 10° off-nadir scanning 
would not require significant modifications to 
the fuselage of the aircraft. 

Physical parameters of the experiment . — 
Typical values of parameters for the pro- 
posed experiment are given in table 3-X. The 
proposed experiment could use commercially 
available components. A reasonable estimate 
for the total volume of the experiment would 
be 6 m\ with approximately one-fourth of 
this volume located in the lower part of the 
fuselage. No particularly difficult power, data 
rate, or interface requirements are presented 
by this experiment, which should be easily 
accommodated in the NASA Wallops Flight 





240 


ACTIVE MICROWAVE WORKSHOP REPORT 



Center experimental aircraft or another simi- 
lar plane. 

Surface analytic altimeter . — Altimetry 
technology has rapidly advanced beyond the 
capability of present satellite orbital deter- 
mination and geodesy. Both orbital determi- 
nation and geodetic improvements will be 
aided by the GEOS-C experiments. The abil- 
ity of an altimeter to measure ocean-wave 
heights is useful to ocean meterology without 
the need for either orbital or geodetic im- 
provements. This capability gives the altim- 
eter a favorable enough cost/benefit posi- 
tion to recover the longer term investment of 
improved geodesy and orbital determination 
needed to realize ocean topography goals such 


as measuring tides, boundary currents, eddy 
currents, and surge currents. Therefore, the 
possibility should be investigated that this 
capability (or some equivalent or better capa- 
bility) to measure the properties of ocean 
waves will justify either added investment in 
altimeter capability or investment in radar 
imaging instrumentation. 

The microwave technology that gives a 
basis for expanding the measurement capa- 
bility is represented in the Skylab SI 93 altim- 
eter orbital performance analysis. More 
specifically, certain anomalous operating 
conditions of this instrument highlighted the 
need for future altimeter designs to include 
automatic alinement of the antenna in the 
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Table 3-X . — Typical Parameter Values 


Aircraft altitude, m 300 

Aircraft velocity, m/sec 70 

Approximate antenna beamwidth, deg 1.2 

Antenna diameter, m 0.5 

Radar spot size, m 7 

Radar wavelength, mm 8 

Radar pulse width, nsec 1 to 2 

Scan rate, Hz 10 

Pulse rate, pps 500 

Scan angle, deg 10 

Ground swath, m 100 


vertical direction. Furthermore, the analysis 
concluded that the average return waveform 
contains the information required to exercise 
the desired control primarily by wave-shap- 
ing effects caused by pointing error, but also 
by the Doppler content of the returns. 

The effects of antenna pointing error on 
the return waveshape are given in reference 
3-101, which also contains a discussion of 
how to use this information for nadir point- 
ing control. The change of return signal Dop- 
pler content as a function of pointing error 
is as follows : 

1. If the pointing error is forward along 
the subsatellite path, the power spectral den- 
sity of the returns will be skewed toward 
positive Doppler. 

2. If the pointing error is backward along 
the subsatellite path, the power spectral den- 
sity of the returns will be skewed toward 
negative Doppler. 

3. If the pointing error is orthogonal to 
the subsatellite path, the power spectral den- 
sity of the returns will peak around zero 
Doppler. 

These effects did appear in the Skylab S193 
altimeter mode III data analysis for return 
signal space/time decorrelation in which 
crosstrack pointing errors showed up by in- 
creasing significantly the decorrelation times 
of the signals following the peak of the re- 
turn. A second type of anomalous operating 
condition occurred during the Skylab S193 
altimeter experiments. 


1. Antenna pointing errors as large as 2° 
from the vertical did not cause the altimeter 
to “automatically abort” the experiment. In- 
stead, the instrument exhibited a “pseudo- 
track lock” condition characterized by large 
standard deviations of altitude track jitter 
error accompanied by automatic gain control 
readings indicating anomalously low return 
signal power. 

2. In some instances, the attitude error of 
approximately 2° rapidly decreased (during 
the proces of Skylab attitude control attempt- 
ing to bring the spacecraft to the Earth 
pointing condition). In these cases, the 
“pseudotracked” altitude was rapidly de- 
creasing, whereas the received signal 
strength was rapidly increasing, until the 
pointing error was approximately three- 
fourths of the antenna 3-dB beamwidth, at 
which point the altimeter operations switched 
to “true altitude track lock,” characterized 
by approximately a 0.5-m tracking error jit- 
ter and a high received signal level. Unfor- 
tunately, this sequence of operation was ini- 
tially considered to be proof that the S193 
altimeter could not track high-altitude rates. 
However, analysis of both the orbit (in which 
the observed rapidly decreasing altitude 
could not have been real) and the Skylab at- 
titude history (showing that the Earth point- 
ing attitude was being initialized) disproved 
this contention. In fact, with the given con- 
ditions, the altimeter, by its nature, had to 
operate just as it was observed to operate. 

The effect of the only satellite altimetry tech- 
nology available reveals the following infor- 
mation : 

1. Future altimeters will require better an- 
tenna pointing and better pointing error reso- 
lution. 

2. The altimeter can provide this needed 
pointing control. 

3. The antenna pointing should be done 
electronically by using a simple array to 
eliminate torquing of the satellite. 

An altimeter design that has these capabili- 
ties is also given a “natural” added capability 
in the following respects : 
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1. It can be programed to have its antenna 
pointing at the vertical to receive the altitude 
return, and/or it can be pointed to receive 
the return from angles off vertical incidence. 

2. Signal processing of the returns from 
angles off vertical incidence will yield the 
wave-directional spectra of the ocean surface 
and, possibly, the power spectral density of 
these waves. 

Instrument requirements . — The proposed 
surface analytic altimeter instrumentation 
will require a phased array antenna. Beam 
forming and pointing will be controlled by 
the altimeter from the average wave shape 
and Doppler information contained in the re- 
turns from the vertical (altitude returns). 
On alternate pulses (or the second pulse of 
dual pulses) , the antenna will be pointed to 
illuminate and receive returns from off-verti- 
cal incidence. The alternate on/off vertical 
illumination is to be sequenced around a cir- 
cle at a radius R{t) from the subsatellite 
path. For SEASAT geometries, this circle 
would have a radius of approximately 25 km. 
The surface analytic function is performed 
on the returns from this off-vertical scanning 
shown in figure 3-63. The short pulse scan- 
ning the surface off vertical incidence pro- 
duces down-chirp frequency-modulated re- 



Figure — .Antenna illumination of ocean surface 

for surface analytic altimetry. 


turns with a different down chirp for each 
wavelength composing the surface. The area 
A„ represents the altimeter footprint. Areas 
Ai, A., A, . . . A, . . . Aj show the location of 
the surface from which returns at time t are 
equal to 2700 nsec (where the time of altitude 
return is t = 0). These areas sweep outward 
across the ocean waves at the rate 


d d T-r . 250 m/nsec 




(3-20) 


where spacecraft altitude is 800 km. This 
produces a down-chirp frequency modulation 
of returns from each surface wavelength 

1. ... I. j 


/(M,)=^ (3-21) 

where f(t, A,) is in gigahertz. The physical 
mechanism and geometi’y involved is shown 
in figure 3-64. The surface length of short 
radar pulse 8|,„is,. equals ( ct )/[2 cos (ct/h)], 
where c is the speed of light, t is pulse dura- 
tion, h is satellite altitude, and t is time after 
altitude return. The frequency of the change 
in signal strength (amplitude) of the returns 
changes as a function of time. The short 
length of the radar pulse illuminates only 
portions of the ocean wavelength, and strong 
returns will come preferentially from the 
side of the waves toward the radar creating 
these down chirps /,(t, A,), which are func- 



®pulse 


radar range r 
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.Expanding wave front 
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//I modulated strong 
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Figure .3-64. — Physical mechanisms involved in crea- 
tion of down-chirp frequency modulation of returns 
from ocean surface with wavelengths \i, X, longer 
than S,,„ 
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tions of surface wavelengi;h A,. Figure 3-65 
shows the log-log plot of surface wave down- 
chirp modulation (frequency as a function of 
time) for ocean wavelength A., from 25 to 
1000 m. One reason for selecting the off- 
vertical scan circle radius of 25 km is that 
pulse compression circuitry is at least as fea- 
sible as a signal process matched to the re- 
turns. Figure 3-66 shows the surface wave 
down-chirp modulation for A., from 25 to 500 
m. Twenty-percent resolution of these wave- 
lengths appears feasible. Simply stated, 1- 
/iSec pulse compression circuits matched to 
these chirps could be selected so that no fre- 
quency overlap would occur between them 
over the bandwidth from 8 to 225 MHz. That 
set of pulse compression circuits comprises a 
matched receiver for the signal parameter of 
interest (i.e., the surface wavelengths in ra- 
dial direction of each off-vertical step). The 
approximately 15 outputs obtained from each 
radial sweep at the 25-km radius should be 
converted from analog to digital and sent to 
ground processing. Probably, the only fur- 
ther processing required would be accumulat- 
ing these numbers for approximately 2 sec 



Figure 3-65. — Log-log plot of ocean surface wave 
down-chirp modulation as a function of time after 
altitude return. The surface analytic altimeter sig- 
nal processor could be pulse compression delay 
lines tuned to these down chirps. 



Time, u sec 

Figure .3-66. — Ocean surface wave down-chirp modu- 
lation in the 2- to 3-Msec window containing returns 
from the off nadir pointing surface analytic altim- 
eter. From this plot it appears feasible to achieve 
20-percent resolution of surface wavelengths using 
approximately 15 chirp pulse compression delay 
lines to cover the range ffoni 25- to 500-rh ocean' 
wavelengths. 

and plotting them as an amplitude contour 
obtained around the circle. Of course, this is 
a distortion of the wave directional spectra, 
but it should serve as a “first look” process. 
Spectra of particular interest can be ex- 
tracted for the transformation processing re- 
quired to map wave direction in latitude and 
longitude. 

Undoubtedly, a different transformation 
will be required to use the same data in the 
wave forecasting algorithms, and a different 
transformation will be required for some 
other application. 

These transformations should probably be 
dene from the raw data (or, at most, edited 
raw data) so that less processing is required 
to get the data-editing quick-look function 
performed. 

Technical appivach . — Conceptual design 
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studies on future design and applications of 
satellite altimetry are required to determine 
a basic question. Should altimeter instru- 
mentation become more complex by adding 
capability natural to its particular radar 
geometry, or should it be made less complex 
(restricted to altitude tracking only)? The 
answer to this question requires determining 
the possibilities, the payoffs, the needs for 
overlap and supportive data from different 
instruments, etc. The possibility exists that, 
in a fully instrumented oceanographic satel- 
lite, the need for accurate altitude measure- 
ments for 1 yr to solve ocean tide and 
circulation problems will be all that is re- 
quired from the altimeter. This postulation 
assumes that the other instrumentation will 
obtain all the information for ocean meteor- 
ology. If this case were true, a much-simpli- 
fied altimeter designed for 5- to 10-yr orbital 
operation may be the final configuration 
specified. 

A laboratory research and development 
study should be undertaken to demonstrate 
the pulse compression performance obtain- 
able for the ocean-surface-wave down-chirp- 
type signals. This class of chirp signal is dif- 
ferent because it is not a. linear frequency 
modulation with time. It is independent of 
transmitted carrier frequency or phase, and 
the down-chirp modulation ceases only at the 
horizon where it equals the speed of light di- 
vided by the surface wavelength. 

Applications studies should be made to de- 
termine if the 25-km radius for obtaining 
wave directional spectra can be increased or 
should be decreased. Data processing re- 
quired to apply these measurements should 
be studied. 

Applicability . — The proposed surface an- 
alytic altimetry instrumentation simply ex- 
tends the capability of an altimeter to meas- 
ure the physical properties of sea state. The 
application of altimetry to ocean meteorology 
is improved. The application of altimetry to 
geodesy and static and dynamic oceanology 
will be that expected from altimetry with an 
accuracy of 10 cm. 

Radar spectrometers and dual-frequency 


interferometers . — Several other instruments 
that have potential for determining ocean- 
wave spectral characteristics also advanta- 
geously use the “tilt modulation” effects 
described previously. One instrument is the 
“wave spectrometer.” This instrument emits 
a short pulse for which the (effective) spatial 
width is less than one-half the length of the 
gravity waves to be observed (e.g., a pulse 
width of 10 nsec will provide a spatial resolu- 
tion of approximately 5 m at a 15° incident 
angle, which is adequate to resolve gravity 
w'aves longer than 10 m). As this pulse tra- 
vels out across the longer gravity wave, it il- 
luminates specularly reflecting regions, the 
scattering characteristics of which vary with 
the slope (and position) over the longer 
wave. Hence, the received signal as compared 
to time (as would normally be displayed on an 
A-scope) will carry an amplitude modulation 
pattern corresponding to the period of the 
longer gravity wave. By Fourier transform- 
ing this amplitude function, a signal spec- 
trum is produced, which is directly propor- 
tional to the ocean-wave slope spectrum along 
the radar line of sight. Both the first and 
second mechanisms described in the preced- 
ing section are responsible, to some degree, 
for the operation of the spectrometer. How- 
ever, the third mechanism should not affect 
the spectrometer because the return on the 
A-scope is essentially instantaneous and will 
not be changed by the orbital velocity of the 
specular scatterers. 

The dual-frequency interferometer is basi- 
cally a frequency-domain implementation of 
the wave spectrometer described previously ; 
it transmits two closely spaced frequencies, 
/, and f-i (a/=/ 2 — /, ranging between 1 and 
100 MHz). The correlation function of the 
power return at the two frequencies is then 
taken at the output of the receiver. Theoret- 
ical analyses have shown that this function, 
as compared to separation wave number £^k — 
(2v\f)/c, is proportional to the slope spec- 
trum of the longer wave components along 
the radar line of sight. This technique has 
not been demonstrated experimentally. From 
the theoretical models, unanswered questions 
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still exist about the magnitude of the desired 
portion of the correlation function containing 
the slope spectrum. Questions must also be 
answered concerning performance in the 
presence of noise and the average time re- 
quired to observe a given level of sea echo 
correlation coefficient. However, the tech- 
nique appears attractive at this point because 
of its simplicity and potentially low data-rate 
requirements compared to the wave spec- 
trometer. 

Diial-freqaenc]] wave-height senior . — Work 
is underway at LaRC to use dual-frequency 
radar techniques to measure significant wave 
heights and probability density function of 
large ocean waves. The technique has been 
described by Weissman (ref. 3-102), and the 
basic results are summarized here. 

If a vertical viewing radar transmits two 
microwave signals at frequencies /, and 
from an altitude H above mean sea level, if 
the antenna pattern is ignored, and if the ra- 
dar illuminates a statistical ensemble of spec- 
ularly reflecting wave heights, then the abso- 
lute value of the time average of the product 
of the returning signals is 


\R(^k) 


A/(iF(7TFxiram 




dh 

'X I 

(3-22) 


where 


R{\k) = the correlation coefficient 

a/c= difference wave number = [2 (/, 
-A)]/c 

c = speed of light 

height of a specularly reflecting 
wave 

P{h) = probability distribution function 
of heights 

£■(/)= electric field of the scattered 
signal 

* = complex conj ugate 
i= 

< > = ensemble average 


Thus, performing measurements by trans- 
mitting a sequence </,, a/._., . . .,A/,„ the 
significant wave height and some fea- 
tures of the probability density function can 
be measured. The latter measurement may 
have some applicability to the detection of 
ocean currents. This is strictly a vertical 
viewing measurement and requires narrow- 
beam antennas. 

This technique is a frequency analog of the 
impulse altimeter. If complex expression 
(magnitude and phase) for R (a/) is Fourier- 
transformed from the frequency domain a/ 
to the time domain, the solution to the im- 
pulse response of a rough surface is obtained. 

Bistatic high-frequency local ivave direc- 
tional sensor . — A concept will be described 
that may provide the directional wave-height 
spectrum near a fixed point of interest on the 
ocean as a satellite passes overhead. This 
concept is illustrated in figure 3-67 where the 
point on the sea is shown as a buoy ; actually 
this point could be a ship, island, tower, or 
coastal site as well. Also, although figure 
3-67 indicates the satellite as the receiver 
and the surface point as the transmitter, the 
converse is actually a more desirable situa- 
tion. In that configuration the satellite would 
transmit a low power signal (less than 10-W 
average), which would be stepped through 
the hf region (from 2 to 30 MHz). The 
spacecraft antenna could be an electrically 
small omnidirectional loop or dipole pair. 
The user below (e.g., a ship) would receive 
both the direct signal from the satellite and 
a sea-scattered signal at a given delay time 
(corresponding to a given range from the 
ship). Thus, collection and use of the sea- 
state data would be at the user’s option and 
would require carrying onboard only a re- 
ceiver, a simple digital processor, and a 
schedule of satellite passes (which need not 
be directly overhead ) . 

The principle supporting the technique is 
Bragg scatter. In the bistatic configuration, 
a contour of constant time delay is an ellipse, 
in general, which becomes a circle when the 
satellite is directly overhead. The waves from 
which scatter is taking place are exactly one 
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Satellite 



constant delay time 

Figuke 3-67. — Illustration showing concept of bista- 
tic high-frequency local wave directional sensor. 

radar wavelength long (when the satellite 
is overhead) ; thus, by sweeping from 2 to 
30 MHz, one is measuring the heights of the 
ocean waves (as the strength of the received 
signal), the lengths of which range between 
150 and 10 m. 

Wave directionality is obtained by the 
Doppler imposed on the scatter by the satel- 
lite velocity. The greatest Doppler originates 
from that portion of the time-delay circle 
directly ahead of the satellite, with zero 
Doppler at the sides and the greatest negative 
Doppler from behind. For the satellite di- 
rectly overhead, the scattered sea-echo Dop- 
pler is described by a simple cosine function 
of angle from the satellite track. An example 
of the Doppler spectrum produced at 5 MHz 
by an isotropic sea is shown in figure 3-68. 
Any departure from this shape represents the 
directional nature of the ocean waves and can 
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Angles, deg 

Figure 3-68. — Example of Doppler spectrum pro- 
duced at 5 MHz by an isotropic sea (where «,i,„ is 
maximum satellite-induced Doppler shift, P«(w) is 
average received power spectral density, and Pt is 
average transmitted power) . 

be obtained by straightforward digital pro- 
cessing of the signal spectrum. The angles 
designate the direction of the ocean waves 
with respect to the satellite track, which pro- 
duces the Doppler at that point. 

This technique, which is straightforward 
and easy to implement, has the advantage 
of requiring no data processing aboard the 
satellite. Furthermore, because the users re- 
ceive the direct signal also, they have all the 
information they need to calibrate the system 
and remove unknown transmitter/receiver 
drifts and path losses. Because the ionosphere 
will pose the ultimate limitation on such a 
system, this self-calibrating feature is very 
desirable. A thorough system study and 
experimental evaluation of the concept is 
currently underway at Batelle-Columbus 
Laboratories under Wallops Flight Center 
support. 

Microwave radiometry . — Observations 
(refs. 3-32 and 3-103) of the surface- 
roughness effect have indicated an apparent 
dependency on observational frequency, 
increasing with increasing frequency. In ad- 
dition, surface-roughness effect is a func- 
tion of the angle of observation and polari- 
zation of the radiation received. Increases 
of 1.1 K of the horizontally polarized bright- 
ness temperature at 19.34 GHz and 55° inci- 
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Figure 3-69 (concluded). — Measurements of the sur- 
face roughness effect made from Argus Island 
Tower of Bermuda where Th is brightness tem- 
perature, V is vertical polarization, H is horizon- 
tal polarization, and POL Jj'" x 100. (c) 

I Tim 

Frequency = 19.34 GHz. 



10 20 40 60 80 100 

Frequency, GHz 


Figure 3-70. — Brightness temperature of foam as a 
function of microwave frequency. 

hence, it is relatively insensitive to the en- 
ergy content of low-frequency gravity waves. 
Evidence indicates that the surface rough- 
ness effect is primarily dependent on the 
mean-square surface slope. 

Observations of the sea-foam effect (refs. 
3-104 and 3-105) have shown it to have a 
very high brightness temperature (approach- 
ing the physical temperature of the sea) 
compared to the average sea surface. Recent 
laboratory and aircraft-borne measure- 
ments are shown in figure 3-70. The evi- 
dence available indicates that the spectrum 
of the brightness temperature of foam is rel- 
atively flat at microwave frequencies, with a 
slight decrease with decreasing frequency. 
The high brightness temperature of foam is 
consistent with the foam serving as a match- 
ing layer to the sea rather than to inherent 
high loss in the foam. Unless the high 
brightness temperature of foam results pri- 
marily from very high loss of the foam, 
which seems unlikely, the brightness tem- 
perature will decrease with decreasing fre- 
quency when foam thickness of only a frac- 
tion of the observational wavelength is 
reached. The brightness temperature of foam 
is much less dependent on polarization and 
incident angle than is the compact sea sur- 
face. 


"Unpublished data from James P. Hollinger, 1974. 
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Clearly, more detailed measurements as a 
function of the observational parameters of 
frequency, polarization, and incident angle 
over the range of foam characteristics, such 
as thickness, bubble-size distribution, water 
content, and degree of spatial uniformity, 
are required to fully understand the micro- 
wave properties of ocean foam. In addition 
to incomplete knowledge about the micro- 
wave characteristics of foam, the determina- 
tion of the brightness temperature depen- 
dence on windspeed caused by sea foam is 
further complicated because the foam cover- 
age of the sea surface does" not depend only 
on the local wind. The foam coverage also 
depends on the air/sea temperature differ- 
ence, the duration and fetch of the wind, 
and the history of the wave spectrum of the 
sea area being observed. An analytical model 
including these parameters and depending on 
the dissipation (by breaking waves) of 
energy transferred from the wind to the 
wave spectrum has been developed by Car- 
done (ref. 3-106) to predict whitecap cover- 
age. This model is in reasonably good agree- 
ment with microwave measurements at high 
windspeeds (refs. 3-30 and 3-31). In addi- 
tion to whitecaps, considerable wind streak- 
ing (thin lines of foam oriented in the direc- 
tion of the wind) occurs at high windspeeds. 
Above approximately 12 m/sec, streaking 
contributes more to the total white water 
visible on a photograph than do whitecaps 
(ref. 3-107). The details of the microwave 
brightness temperature of streaks compared 
to that of whitecaps are not presently clear 
and result in difficulty in interpreting the 
detailed whitecap/streak/windspeed/bright- 
ness-temperature interrelationship. How- 
ever, the general increase of microwave 
brightness temperature with windspeed 
caused by increasing coverage of the sea with 
foam is well established. 

The increased noise temperature (ref. 
3-103), which results from sunlight reflect- 
ing or scattering off the water, is shown in 
figure 3-71, where brightness temperature is 
plotted as a function of time. These data 
were obtained by pointing microwave radi- 


ometers at a fixed viewing angle over water 
(at the complementary Sun elevation angle) 
and allowing the image of the Sun to pass 
through the antenna beams. The closed points 
represent data obtained when the water sur- 
face was smooth, and the open points cor- 
respond to the data obtained when the sur- 
face was roughened by waves. The data show 
that, under calm conditions, the noise input 
to the receiver can significantly increase 
when solar radiation reflects specularly into 
the antenna, particularly at the lower micro- 
wave frequencies. When the water surface 
is very rough, the scattering generally be- 
comes diffuse and causes a quasi-isotropic in- 
crease in brightness temperature, which may 
be tens of degrees at the lower microwave 
frequencies. In addition to showing the in- 
creased noise temperature in a radar re- 
ceiver, these data imply that ocean rough- 
ness can be inferred by radiometrically meas- 
uring the microwave glitter pattern of the 
Sun. 

Solar microwave interferometer . — The 
proposed instrument, the solar microwave 
interferometer imaging system (SMIIS), 
represents a novel application of the radio 
astronomers’ very long baseline interferom- 
etry (VLBI) and forward scatter radar con- 
cepts and technology. The SMIIS can serve 
as a research tool for ocean studies but has 
limited operational potential. The history of 
both technologies are thus pertinent. Be- 
cause the function of SMIIS (i.e., obtaining 
microwave imaging of the Earth environ- 
ment) is also the function of any other pro- 
posed radar imaging systems being con- 
sidered by the Active Microwave Workshop, 
the history and technology of radar imaging 
is also pertinent. 

Present state of the art . — The applicable 
technology is contained in the previously 
stated historical connections to VLBI, for- 
ward scatter radar, imaging radar, short 
baseline interferometry, and phased arrays 
technologies. The present state of the art in 
satellite microwave antenna technology is 
specifically of interest because of the rela- 
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Figure 3-71. — Change in brightness temperature as a function of time, (a) Fiec|ueney 
= 1.4 GHz. (h) Fre(|uency = 4.0 GHz. (c) Frequency = 7.5 GHz. 
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lively large apertures and antenna pointing 
requirements for SMIIS. 

The standard questions regarding onboard 
as compared to ground-site data processing 
associated with all satellite-borne imaging 
instruments must also be studied for the 
SMIIS. Thus, the communication/ground- 
site data processing and the inverse onboard 
data processing/communication state of the 
art is pertinent. 

Qiuilitative concept description . — Figure 
3-72 shows the proposed SMIIS instrumen- 
tation. The satellite (at 800-km altitude) 
has one antenna pointing directly at the Sun 
and another antenna pointing at the glisten- 
ing surface of the Earth (i.e., the region 
surrounding the Sun-to-satellite specular re- 
flection point) . 

The Sun-pointing antenna receives the 
solar noise by way of the direct ray path. 
This broadband noise radiofrequency signal 



Figure 3-72. — Earth environment mapping using the 
.SMIIS. Note the changes in the size and shape of 
the imaging and the glistening surfaces for satel- 
lite sunrise, noon, and sunset. Also note that the 
direct ray signal always precedes the forward 
scatter signal in time. 


is band-limited (to the level required for the 
desired imaging resolution of the system) 
and baseband detected by using a coherent 
local oscillator. The band-limited bipolar 
noise signal obtained and the time lags gen- 
erated from the coherent local oscillator are 
recorded (or communicated to the ground) 
and stored as the reference phase and ampli- 
tude modulation for the VLBI-type corre- 
lation processing that follows. All surface 
elements contained within the glistening sur- 
face are also illuminated with the same solar 
microwave noise, except for propagation path 
noise differences and some signal decorrela- 
tion. The amount of signal decorrelation will 
be one of the problems requiring further in- 
vestigation; however, for S-, C-, and X-band 
wavelengths, these illuminated points fall 
within the first (or first few) Fresnel zones 
of every point source of noise at the Sun 
generating the incident microwave noise. 

The forward scatter from the surfaces, 
facets, wavelets, etc., in the glistening sur- 
face provides the communication link be- 
tween the VLBI remotely illuminated an- 
tenna and the satellite VLBI master antenna. 
These multiple-reflected signals from the 
glistening surface are received at the satel- 
lite and beat to baseband bipolar video by 
using the same receiver-coherent local oscil- 
lator that was used to obtain the direct ray 
reference signal. This composite baseband 
is time-tagged, recorded (or communicated 
to ground), and stored. The VLBI process is 
then applied to the record obtained from the 
reflectors in the glistening region. This 
process consists of applying the first-order 
Doppler correction (i.e., that computed for 
the ray reflection point in the glistening 
region), then running a cross-correlation of 
the forward scatter record with this first- 
order Doppler-corrected reference record. 
Strong correlation peaks will be generated in 
this time record ; in fact, each peak will be a 
range pulse compression for a strong for- 
ward scatterer. The range pulse compression 
actually applied depends on the bandwidth of 
the reference record Bukf and the time length 
of that record The width of the cor- 
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relation peak will be approximately 1 /S|.kk, 
whereas the amplitude of the correlation peak 
will be proportional to the product of the 
reference record lenjfth Tukv, the forward 
scatter signal strength from each surface 
element -4„ and the match of the first-order 
Doppler correction to the Doppler frequency 
of that signal. The VLBI process completes 
the imaging process by successive correla- 
tions using differentially corrected Doppler 
reference records. This process is essentially 
a Doppler correction sweep across the glisten- 
ing surface, in which each detected forward 
scatterer is positioned in azimuth . by the 
Doppler correction that maximizes its cor- 
relation peak. The resultant range/azimuth 
map of correlation peaks comprises the polar 
microwave interferometer image. 

Quantitative description of the SMIIS . — 
The following questions are among the first 
to be answered in designing the SMIIS; 

1. Is enough solar microwave power avail- 
able at the frequencies best suited to Earth 
environment planning? 

2. If so, how large must the antenna aper- 
tures be to at least get the direct ray at 
adequate signal-to-receiver noise to enable 
interferometer processing? 

3. What is the best antenna to use? 

4. What bandwidth and reference signal 
duration will be required to provide adequate 
resolution? 

5. What processing must be done at the re- 
ceivers as opposed to what can or should be 
done at the ground sites? 

The approximate answers to the first 
three questions can be obtained from the in- 
formation presented in figure 3-73. The solid 
line shows the microwave power of the quiet 
Sun (in dBm/m--Hz) in the range of fre- 
quencies from 30 MHz to 300 GHz. This 
microwave power is increasing at the rate of 
approximately 12 dB/decade, and, for fre- 
quencies above 4 GHz, the microwave noise 
power from an antenna with a 1-m-' aperture 
will exceed the noise power from the best 
cooled parametric amplifier receivers avail- 
able with present state of the art (shown by 
the dashed line). Figure 3-73 shows that 


Expected power received 

from I5-m2 antenna for 
quiet-Sun microwave noise 
power, dBm/Hz 

■■ Quiet-Sun microwave 

noise power, dBm/m^-Hz 

— — — Approximate "best" receiver 
noise power, dBm/Hz 

Galactic-plane microwave 

noise power, dBm/m^-Hz 


— Disturbed-Sun microwave 

noise power, dBm/m^-Hz 



Frequency, MHz 

Figure 3-73. — Plot of solar and galactic-plane micro- 
wave noise power compared with frequency. Also 
shown is the approximate noise power of state-of- 
the-art, cooled, parametric amplifier receivers. 
Note that at 3000 MHz the SMIIS can use either 
solar or galactic-plane noise as the reference sig- 
nal, thus giving day/night operation (ref. 3-108). 

for almost all microwave frequencies suited 
to Earth environment mapping, enough 
microwave power is available from the quiet 
Sun to let the Sun be the transmitter in the 
SMIIS. Also shown is a dotted line, which 
illustrates the expected received power from 
a 16-m- antenna. This illustration indicates 
that for antenna apertures approximately 
as large as those required for radar mapping, 
the SMIIS could work at frequencies from 
1 GHz and up. The microwave noise power 
available using the galactic plane as the 
transmitter for SMIIS with a 16-m- antenna 
aperture is sufficient for Earth environment 
mapping applications requiring frequencies 
below approximately 30 GHz. The 6-dB 
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signal to noise obtainable at 30 GHz is ade- 
quate for the SMIIS processes. 

An initial assessment of the bandwidth 
required to provide adequate resolution for 
Earth environment mapping can be obtained 
from the requirement for wave directional 
spectra over the ocean. This data product is 
considered useful if ocean wavelengths from 
50 m to 1 km are resolved in synoptic maps 
of the ocean suface. A 10-m/range resolu- 
tion using SMIIS requires approximately 
a 30-MHz bandwidth bipolar video reference 
signal (because this is one-way propagation 
of electromagnetic w'aves ; the resolution is 
at 3.3 nsec/m). Azimuth resolution of ap- 
proximately 10 m requires approximately a 
10-/iSec duration of the bipolar video refer- 
ence signals ; that is, the differential Doppler 
from each reflecting center will cause de- 
tectable decreases in the cross-correlation 
peaks from records exceeding 10 fisec in 
duration. In the majority of cases, a much 
longer delay than 10 ^sec will occur between 
the direct ray from the Sun and the reflected 
rays from the Earth environment ; thus, much 
longer reference signals could be taken. How- 
ever, the 300:1 pulse compression gain ob- 
tained from correlation processing the 10- 
/nsec-duration 30-MHz-bandwidth signals 
should be adequate for SMIIS mapping. 

The answer to question 5 is twofold. 

1. The low-noise baseband receiver signal 
process should be performed onboard to pre- 
serve the best signal-to-noise ratio in the 
bipolar video signals. 

2. The onboard as compared to ground 
data-processing tradeoffs, which must be 
made for radar mapping systems, apply to 
the SMIIS. However, the power, weight, 
and volume required for the radar systems 
transmitter can be applied to onboard data- 
processing electronics for the SMIIS; thus, 
all SMIIS data processing can be done on- 
board and still save power, weight, and 
volume over radar systems with similar map- 
ping performance. 

Impact of microivave technology . — The 
concepts embodied in the SMIIS bridge the 
present gap between the sophistication of 


the state of the art in radio astronomy 
(VLBI) and the state of the art in synthetic 
aperture radar. Because the microwave sig- 
nals transmitted by the Sun (and/or the 
galactic plane) contain essentially all fre- 
quencies and polarizations possible, even the 
postulated performance of polypanchromatic 
radar (ref. 3-109) can be obtained with 
SMIIS. This attainment would represent a 
significant advance in the microwave map- 
ping state of the art. 

Requirements. — Generally, the same re- 
quirements are needed for the SMIIS in- 
strumentation on a satellite as for any 
high-resolution microwave radar imaging 
instrument, except for one very significant 
difference. Radar images require a high- 
power transmitter, transmitted signal modu- 
lation electronics, and a matched receiver/ 
demodulator for each microwave band used, 
whei-eas SMIIS does not require any trans- 
mitter or modulation electronics because it 
uses cosmic noise sources in the transmitter/ 
transmitted signal modulator role. The fact 
that SMIIS has been described and initially 
designed as receiving its reflected signals 
from the region of forward scattering sur- 
faces does not limit the system to operation 
in this viewing direction (i.e., this is not a 
requirement or limitation) ; it is simply the 
direction from which the strongest reflected 
signals are expected and, as such, represents 
the easiest direction for high-signal-to-noise, 
high-density mapping operation. 

Electronically scanned multifrequency ar- 
ray antennas would be required to obtain 
SMIIS operation in many frequency bands 
with minimum use of satellite space. These 
antennas would not be a requirement of early 
experimental versions of SMIIS, but the tech- 
nology of these array antennas should be 
nurtured for use with future operational 
versions of SMIIS. 

Onboard data-processing requirements will 
be equivalent to those for radar imaging 
systems with the same need for growth, from 
the minimum amount possible to the maxi- 
mum amount required, and for Earth en- 
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vironment monitoring and reporting mis- 
sions that will evolve. 

Technical approach . — Conceptual design 
studies should be done to determine the total 
capability of SMIIS instrumentation and to 
identify research and development require- 
ments and feasibility demonstration experi- 
ments that can be done with existing instru- 
mentation (for instance, the Massachusetts 
Institute of Technology Haystack radar per- 
forming SMIIS-type mapping of the lunar 
surface, possibly using radio stars instead of 
the Sun as transmitters) . 

Feasibility/applications studies should be 
done to determine design specifications for 
experimental SMIIS instruments aimed at 
specific applications missions. 

A project to develop SMIIS instrumenta- 
tion, data processing, and data use would 
be appropriate. One possibility would be to 
use one of the large antennas at Wallops 
Flight Center to get the direct ray reference 
bipolar video record while simultaneously 
obtaining the refiected ray record from an 
airborne platform. Both ocean and Earth 
could.be viewed at all incident angles and at 
any distance from the reference station to ob- 
tain design data related to these parameters. 

Continuing research and development is 
warranted in the area of real-time correlation 
technology (such as that presently underway 
at the General Electric Research and De- 
velopment Center using charge-coupled de- 
vices that give a 32-bit correlator operating 
at 10 MHz on a single large-scale integration 
flatpack) . Special developments for SMIIS 
applications may justify short-term funding 
in this technology. 

Applicability . — The Earth environmental 
mapping capabilities of the proposed SMIIS 
extend from monitoring solar disturbances 
and mapping the ionosphere, using the low- 
frequency end of the spectrum, to mapping 
atmospheric phenomena using the high-fre- 
quency end of the spectrum. Only the de- 
velopment of receiver technology at milli- 
meter and submillimeter wavelengths is 
required to close the gap between micro- 


wave imaging and long-infrared imaging 
i nstr umentation . 

Other Active Microwave Sensors 

Wave motion sensor. — A new technique 
being developed at the Applied Physics 
Laboratory of Johns Hopkins University 
(APL/JHU)®- '■ * is potentially capable of 
mapping the significant height H,/:, of ocean 
waves over a wide field of view beneath 
either an aircraft or a satellite. The tech- 
nique directly measures the Doppler broaden- 
ing of a radar signal caused by the orbital 
motion of the waves to determine significant 
wave height. This technique is significantly 
different from conventional Doppler tech- 
niques because there is no contamination 
of the sea motion broadening by the much 
larger Doppler broadening caused by plat- 
form motion and finite antenna beamwidth. 
The technique is capable of measuring the 
shape of the power spectrum of the Doppler- 
broadened echo. However, the displacement 
of the received center frequency from the 
transmitted frequency is not measured. 
Much of the following information is ex- 
tracted from the Bush-Gotwols proposal." 

Present state of the art . — The most exten- 
sive series of Doppler-broadening measure- 
ments have been performed by the NRL 
(refs. 3-110 and 3-111). These measure- 
ments showed that the width of the Doppler- 
broadened spectrum is of the form io„= 
where C is a constant for a given 
frequency and polarization. The full width 
at half maximum of the Doppler-broadened 
spectrum a/, will always be converted to 
velocity units by the use of the (nonrela- 
tivistic) Doppler relation \f — 2xv^/k. This 

■' Bush, G. B. ; Katz, I.; and Kropfli, R. : APL/JHU 
■Memorandum BPP7IU-31, 1971 (unpublished data). 

AA.pl/JHU: Phase-A Study for the SEASAT-A 
Mission. .APL/JHU, vol. 1, sec. 2.6, July 1973 (un- 
published data) . 

'Bush, G. B., and Gotwols, B. L. : The Wave 

Motion Sensor — A new Technique for Remotely Map- 
ping the Significant Height of Ocean Waves. APL/ 
JHU proposal submitted to N.AS.A Wallops Flight 
Center, .Apr. 1974 (unpublished data). 

'' Ibid. 
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facilitates the comparison of measurements 
taken at different frequencies. The measure- 
ments indicated that was almost inde- 
pendent of the angle between the radar view- 
ing direction and the predominant direction 
of the waves. Also, indirect evidence re- 
vealed that, because of the effect of “spray” 
at the air/sea interface, the Doppler broaden- 
ing of horizontally polarized radiation was 
greater than that for the vertically polarized 
component. The simple relationship <»a= 
C (H,.,) is used in the new technique. Katz 
(ref. 3-112) has previously proposed use of 
this relationship to measure ocean-surface 
roughness from a satellite by an entirely dif- 
ferent method, which is limited to a narrow 
field of view. 

The platform motion problem. — A better 
appreciation of the new technique will be ob- 
tained if the difficulties inherent in conven- 
tional radar Doppler-broadening measure- 
ments are first analyzed. Consider the highly 
simplified scheme shown in figure 3-74 in 
which a single high-gain antenna illuminates 
the surface of the ocean with a continuous 



Figure 3-74. — Simplified diagram of a moving CW 
radar illuminating a rough ocean, where r,, is rela- 
tive platform velocity. 


wave (CW) transmission. Assume that the 
same antenna is simultaneously used to re- 
ceive the reflected signal (ignore the as- 
sociated technological difficulties). For the 
geometry shown in figure 3-74, the range of 
radial velocities between the half-power 
points of the antenna pattern is given ap- 
proximately by 

av„ = 2v,0 (3-23) 

Assuming a highly directional antenna with 
a 1(4 beamwidth and a platform velocity 
of 7 km/sec (typical of a satellite) , the full 
width at half maximum of the received 
spectrum will be approximately 244 m/sec. 
In contrast, the broadening caused by the 
orbital motion of the waves is approximately 
1 m/sec for a significant wave height of 
1 m. Any attempt to measure wave-motion- 
induced broadening is highly impractical, 
because the width of the composite spectrum, 
consists of 1 part caused by orbital wave mo- 
tion and 244 parts caused by platform mo- 
tion. This pessimistic appraisal can be im- 
proved by considering various alternative 
schemes (coherent short-pulse radar, off- 
nadir pointing, etc.), but the improvement 
does not appeaY to be substantial enough to 
bring the broadening by the two mechanisms 
even close to equality. 

The diffraction pattern in the plane of the 
transmitter. — Another way to consider the 
broadening caused by platform motion con- 
tains the key to the solution of this problem. 
Consider the diffraction pattern that is 
formed in the plane that contains the trans- 
mitting aperture (fig. 3-75). The correla- 
tion length of the intensity fluctuations in 
this plane can be estimated by using the 
Van Cittert-Zermike theorem (ref. 3-113) . 
This theorem states that the correlation 
length l„ of the spatial fluctuations in the 
intensity caused by an extended source of 
diameter L and at distance h is given by 

l„ = l.22h\/L (3-24) 

If it is assumed that L is defined by the half- 
power points of the antenna pattern, then 
(approximately) 

L = hd=^h\/D 


(3-25) 
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(b) 

where D is the diameter of the transmitting 
aperture and A is the wavelength. Combin- 
ing equations (3-24) and (3-25) yields the 
simple result 

l„ = 1.22D (3-26) 

By considering diffraction integral for 
this problem, if the transmitting aperture 
is moved I units to the right, the (intensity) 
diffraction pattern will translate as a rigid 
body I units to the left. Thus, the relative 
velocity between the transmitting-receiving 
aperture and the rest frame of the diffraction 
pattern of the rough ocean is 2Vp. There- 
fore, the correlation length l„ corresponds to 
a correlation time {2v^) / (2Vp) and 

to a bandwidth a/«1/t= (2vp)/Z). This 
bandwidth is identical to that given by equa- 


Figire .3-7.'). — Diffraction pattern, (n) Diagram- 
matic view of the diffraction pattern formed in the 
plane of the transmitter by radiation that is re- 
flected from the surface of a rough ocean, (h) Pho- 
tograph of an actual diffraction pattern ci'eated by 
reflecting the light from a laser off a rough sur- 
face. 


tion (3-23) from Doppler-broadening argu- 
ments (after conversion to consistent units). 
This equality of bandwidths supports the 
theory that platform motion broadening may 
be analyzed either by considering the range 
of radial velocities intercepted by the antenna 
beam or by considering the transmitting-re- 
ceiving antenna as moving through the dif- 
fraction pattern of the rough ocean. Thus, 
if a way could be found to sit at a fixed point 
in the rest frame of the diffraction pattern, 
the temporal fluctuations in the received 
signal that are caused by the motion of the 
ocean waves could be measured without hav- 
ing to contend with the large fluctuations 
caused by platform motion. 

The solutimi . — The solution to the plat- 
form motion problem is to arrange a series of 
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receiving antennas in a line that is parallel 
to the relative velocity vector of the moving 
platform. Because the diffraction pattern 
translates as a rigid body in a direction 
opposite to the platform velocity, N antennas 
can obtain N measurements (spaced in time) 
of the intensity / at a fixed point x„ in the 
rest frame of the diffraction pattern. 
Imagine a coordinate system attached to the 
rest frame of the rigidly translating diffrac- 
tion pattern, with the .iV-axis parallel to the 
velocity vector. Consider the short-term time- 
averaged power that an antenna centered at 
point ;r delivers to its load (i.e., P(x, t)) 
rather than the intensity I(.t, t) . Then, for 
each point in the diffraction pattern (e.g., 
.r = .T„), the following set of measurements 
can be made. 

P(.T,„ f), P(.T,„ f-t-7-,), P(av, 

f + r.,), . . . P(.r„, f + r^.,) (3-27) 

Thus, the autocorrelation function for /V — 1 
discrete lags is 

{P(a^^)■•P(^^^ + n)} (3-28) 

where braces indicate a spatial average along 
the X-axis. Assuming that the statistical 
properties of the rough ocean are stationary 
in time and homogeneous in space, it follow's 
from the ergodic theorem that the space and 
time averages are equal. Thus, 

=(P(a:,„ t)P{x„, t + Ti)) 

= {P{x,t)-P{x,t + r,)} (3-29) 

where angular brackets indicate a time aver- 
age, and, because of the assumption of 
homogeneity, the x„ argument of is sup- 
pressed. This result shows that the moving 
antenna system will obtain the same auto- 
correlation function as a hypothetical single 
stationary transmitter-receiver antenna that 
constructs an autocorrelation function by 
averaging over time. 

After reasoning that the moving multi- 
antenna experiment is capable of measuring 
the same autocorrelation function as a single 
stationary receiving antenna, attention can 
be focused on the stationary antenna experi- 
ment. Because of the numerous scatterers 


that contribute to the reflected signal, a rea- 
sonable assumption is that the voltage in- 
duced across the output terminals of the 
stationary receiving antenna consists of band- 
limited noise with a Gaussian joint probabil- 
ity distribution function. The autocorrela- 
tion function of this noise voltage will be of 
the form 

Kr(r) =v(t)v(t + r) =R,„.(t) COS..,„r (3-30) 

After linear amplification in a receiver, de- 
tection in a full-wave square-law detector, 
and filtering in a low-pass filter, the auto- 
correlation function of the short-term time- 
averaged power will be given by 

P,(7)=A-8'[l+2P„,^(r)] (3-31) 

where k is a constant that depends on the re- 
ceiver gain and 8 is the standard deviation 
of v{t). Thus, P„, (t) can be calculated from 
equation (3-31), and, in turn, the shape of 
the Doppler-broadened power spectrum may 
be obtained by taking the Fourier transform 
of R..r(r). 

The most important difference between the 
stationary and moving platform equipment 
with N antennas is restricted to obtaining 
Rp(r,) ' for X — 1 discrete lags. Thus, the de- 
tail in which the power spectrum is desired 
will determine both the number of antennas 
and the separation between them. If only 
the width a/ of the power spectrum is de- 
sired, the use of only two antennas with an 
appropriately chosen spacing should be suf- 
ficient. 

A practical wave-motion sensor that uses 
two antennas is shown in figure 3-76. Be- 
cause this configuration is not restricted to 
vertical pointing antennas, a wide swath 
could be examined. 

Further investigation of the relationship 
between the parameters measured by the 
wave-motion sensor and the statistical de- 
scription of the ocean is needed. The prob- 
lem of how well a practical device would 
operate in the presence of finite receiver noise 
should also be analyzed. 

Surface contour radar . — Under the spon- 
sorship of the AAFE Program, the NRL is 
developing an instrument for measuring the 
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Figure -3-76. — A practical wave-motion sensor. 

surface contours of the Earth in three di- 
mensions. Surface contours, especially 
roughness of ocean surfaces, have been in- 
ferred from measurements made with other 
sensors; for example, scatterometers and 
radiometers, photography, etc. Profiling with 
radars or lasers provides two dimensions 
along the groundtrack. A sensor that profiles 
and scans crosstrack simultaneously will pro- 
vide a three-dimensional surface contour of 
the sea. 

Although surface contours can be meas- 
ured over land and ocean areas, this discus- 


sion will be restricted primarily to coastal 
and ocean areas. 

Scanning across the groundtrack measures 
the three-dimensional surface contours along 
the swath path from which wave heights 
could be determined directly. The use of data 
from each swath enables analysis of a slice 
of any angle across the Earth and determina- 
tion of its spectra. Combining the analyses 
of slices at various angles across the swath 
could yield the directional wave spectra, 
which are fundamental to location and pre- 
diction of present and future sea-state con- 
ditions. Scanning in coastal areas will show 
how waves are affecting shorelines. Measur- 
ing the swells and breakers in shoaling water 
gives indications of the bottom topography. 

Experimental technique . — The proposed 
experiment would consist of scanning a series 
of radar pulses crosstrack from the aircraft 
flightpath and recording the time and ampli- 
tude of the radar returns. The basic experi- 
mental scheme is shown in figure 3-77. 



Figure 3-77. — Basic e.xperimental scheme for a sur- 
face-contour radar system. 
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Figure 3-78 illustrates the pattern of scan 
on the ocean surface. The aircraft radar 
will operate in a beamwidth-limited mode. 
This choice of operation is made to avoid 
ambiguities that would occur in scanning a 
pulse-width-limited radar beam. However, 
the radar pulse width will still be very nar- 
row, approximately 1 nsec, to enable resolu- 
tion of the vertical structure of the sea 
surface. 

Observed phenomena . — The laser has been 
the primary instrument for use in profiling 
the sea surface. However, the laser has 
constraints because it must operate at low 
altitudes and cannot penetrate clouds. The 
NRL (ref. 3-100) showed that a nanosecond 
pulse radar viewing in the vertical can pro- 
file the sea very accurately and measure the 
same profile and spectra that would be 
measured by a wave pole located in the same 
vicinity. The question arises as to what the 
radar would measure if it viewed away from 
the vertical. In figure 3-79, spectra measured 
by the radar were compared with those 
measured by the wave pole at angles of 0°, 
10°, 20°, 30°, and 45° from the vertical, re- 
spectively. The high degree of , correlation 
shows that only minor degradation is noted. 

The understanding of ocean backscattering 
has just begun; thus, the factors causing dis- 
agreements between various data have to be 



Figure 3-78. — Scan pattern on the ocean surface. 


explored. The potential offered by multiple 
frequencies and polarizations has not been 
investigated. Repeated measurements must 
be taken to understand the reliability of the 
prediction of ocean scenes from backscatter- 
ing cross-section data. 

Applicability . — Scatterometer data gath- 
ered synoptically from the oceans of the 
world may allow production of accurate 
worldwide field maps and/or worldwide sea- 
level pressure maps. 

The atmospheric sea-level pressure field 
specifies the conditions in the planetary 
boundary level or, for numerical weather 
prediction models, the properties of the 
100 000-N/m- surface. This surface pres- 
sure field or the equivalent 100 000-N/m- 
surface then serves as the long-sought elu- 
sive reference surface for vertical tempera- 
ture profile radiometer (VTPR) soundings; 
thus, the vertical structure of the entire at- 
mosphere can be specified for numerical 
weather prediction models. 

The height contour pattern of the plane- 
tary boundary layer 100 OOO-N/m''* surface is 
complicated and consists of closed depres- 
sions and elevations corresponding to the 
highs and lows of conventional weather 
charts. If the pattern can be specified cor- 
rectly, the bottom of the atmospheric sound- 
ings obtained over the oceans by the VTPR 
infrared sounding system, now operational 
on NOAA spacecraft, can be correctly related 
to this 100 000-N/m- reference surface, and 
an integration of the VTPR-computed sound- 
ing then yields the heights of all other con- 
stant pressure surfaces used in numerical 
weather prediction models. The most difficult 
part of the present use of these VTPR sound- 
ings is the determination of conditions near 
the sea surface, and scatterometer/altimeters 
can help solve this problem. Because the 
circulation patterns of the constant pressure 
surfaces become simpler with elevation and 
turn into the planetary wave patterns at the 
100 000-N/m- surface, defining the compli- 
cated 100 000-N/m- surface correctly and 
integrating VTPR soundings up to the other 
reference surfaces will provide a more ac- 
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Figure 3-79.— Noimalized power spectra for radar and wavestaffs for various look 
angles, (a) Look angle=0°. (6) Look angle=10°. (c) Look angle=20°. 


curate initial value specification than, for 
instance, starting at a higher reference level 
and integrating both up and down. 

Weather forecasts . — Improved weather 


forecasts on a global basis depend on (1) 
basic research on the physics of atmospheric, 
oceanic, continental, and solar interactions; 
(2) the development of numerical models of 


Normalized power spectra 
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O Radar: 



Figure 3-79 (concluded). — Normalized power spectra for radar and wavestafTs for vari- 
ous look angles, (d) Look angle = 30°. (e) Look angle = 45°. 


the atmosphere and its interactions with the 
land, sea, and solar radiation; and (3) the 
collection of an adequate and correct data 
base for the initial value specification of the 
numerical weather forecasting model. Scat- 
terometers will provide data for item 3 and 
produce an improvement in the accuracy and 
an increase in the range of validity of the 
forecasts produced by the numerical models 
described in item 2. 

Numerical weather prediction models are 
continuously being refined, improved, and 


updated so that they can be run on computers 
of increasingly higher capacity and speed. 
Nevertheless, the models all depend on the 
accuracy with which the initial values are 
specified when the computation of the fore- 
casted weather is started. 

When random-error fields with errors of a 
size known to exist in the actual initial value 
data are introduced into a numerical model, 
the effects of these error fields double each 
day; thus, after 4 days they are 16 times as 
great, and the forecasted conditions no 
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longer agree with what actually happened. 
Reducing the error field in an initial value 
specification by a factor of 2, in effect, makes 
a 3-day forecast using better data as accurate 
as a 2-day forecast using the less-correct 
data. 

Random-error fields are one way to study 
the effects of bad data; however, the situa- 
tion is actually more complicated. Over the 
oceans, especially in the Southern Hemi- 
sphere, entire circulation patterns can be 
incorrectly specified as to the central pressure 
of a low and the horizontal extent and spac- 
ing of the isobars around the low. The pro- 
posed instruments for SEASAT-A can sub- 
stantially reduce this source of error. Not 
only will weather forecasts over the oceans 
be improved by the data to be obtained, but 
also the forecasts over continental areas, such 
as the western half and the east coast of the 
United States, could be improved in the 2- to 
3-daytime frame. 

Satellite-borne scatterometer systems 
should help improve forecasts substantially 
for 2 to 4 days for the Northern Hemisphere 
and should make possible, for the first time, 
2- to 3-day forecasts for the Southern Hemi- 
sphere. 

Global heat transports . — Another aspect of 
the proposed instrumentation for SEASAT- 
A, which includes a scatterometer, is that it 
provides a truly global oceanic data base, 
when combined with VTPR, for numerical 
/ weather prediction. The data base over the 
continents is reasonably adequate. Modeling 
interactions between the two hemispheres 
should be possible. Satellite heat budget 
studies show that the heat flux driving the 
Northern Hemisphere cyclones in the winter 
originates from as far as 30° south and has a 
magnitude at the Equator almost equal to the 
value at 40° north. The correct description 
on a day-to-day basis of this important global 
feature will be an essential step in fulfilling 
the stated goal of the National Weather 
Service of NOAA for providing reliable 
weather forecasts in the time range from 
5 to 10 days. 

Tropical cyclones . — An example of the 
value of this active microwave system is the 


potential contribution it can make in obtain- 
ing data on the winds and pressures on tropi- 
cal cyclones wherever they occur. These 
tropical cyclones are called hurricanes in the 
North Atlantic Ocean, typhoons in the North 
Pacific Ocean, cyclones in the Indian Ocean, 
and willy-willies in the South Pacific Ocean 
near Australia and New Zealand. They are 
located by means of a characteristic cloud 
pattern by the NOAA Applications Technol- 
ogy Satellite spacecraft and tracked every 
45 min or more as they move across the 
oceans. When their locations are known, 
ships avoid them almost completely. Thus, 
although their presence is known (recently 
there were four typhoons in the North 
Pacific Ocean at one time), their intensity 
and potential for damage when moving over 
land are not known from spacecraft data. 

To determine the strength of a hurricane, 
the United States sends reconnaissance air- 
craft flights into hurricanes on a routine 
basis whenever they pose a threat to land. 
These aircraft measure the winds in the hur- 
ricane and determine the central pressure. 
Forecasting the movement of hurricanes is 
very difficult, partly because the atmosphere 
surrounding them is presently not well 
enough defined by measurements at a fine 
enough scale. 

However, other nations do not have air- 
craft reconnaissance flights; although they 
know a hurricane is approaching, they have 
no information on its severity. Typhoon 
winds and rains caused much loss of life and 
damage in the Philippine Islands in 1973, 
and, in 1970, cyclone winds in the Bay of 
Bengal caused a storm surge combined with 
heavy rains that drowned 300 000 people in 
the Ganges Delta region of Bangladesh. 

The problem is so acute for many nations 
that a special commission has been organized 
’to attempt to And ways to obtain better 
data on the intensity of the surface winds in 
these storms as they approach populated 
areas. At the World Meteorological Organi- 
zation meeting in Tokyo (Oct. 2 to 7, 1972), 
held for the study of the means of acquisition 
and communication of ocean data, a plea was 
' made by the commissioner of this group for 
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better data on the severity of these storms. 
Synoptic coverage of the oceans by using 
satellite-borne scatterometry can solve this 
problem, as demonstrated by experiments 
performed during the Skylab Program. 

The test version of this instrumentation 
(S193) on Skylab has scanned both a hurri- 
cane and a tropical storm in a way that may 
prove to have been the equivalent of having 
had 25 ships close enough to the storm to de- 
fine the strength of the winds and the level of 
the central pressure. 

The operational version on SEASAT-A 
could scan all the tropical cyclones present 
over the oceans twice a day and yield data on 
the winds and pressures. This one accom- 
plishment would be an immediate aid to In- 
dia, Burma, the Philippine Islands, many 
Pacific islands (such as Guam), Madagascar, 
New Zealand, Australia, and Mexico. Just as 
the adequate warning service of the National 
Weather Service has greatly reduced the 
number of lives lost and the property damage 
caused by hurricanes in the United States, 
similar benefits from this system should be 
possible for other nations. As more experi- 
e.Dce. with the system is_gained, rt might be 
possible in a decade or more to dispense with 
aircraft reconnaissance of tropical cyclones. 

Wave forecasting . — Of all oceanic phenom- 
ena, the waves, or storm seas, generated by 
high winds blowing over large areas of the 
ocean offer the most ever-present and rapidly 
varying patterns. The waves can grow in 
height from 5 m from crest to trough (as an 
average of the highest waves) to 17 m within 
12 to 18 hr as the winds increase. Individual 
waves larger than 25 m from crest to trough 
have been measured, and waves larger than 
30 m high have been estimated. Scatterome- 
ters and altimeters together can measure 
parameters needed for a wave forecasting 
model. 

PLATFORMS 

Satellites 

Although the central theme of the Active 
Microwave Workshop is the application of 
active microwave systems to Earth observa- 


tions, the question of integrating these sys- 
tems with other sensors has to be considered. 
This section assesses three types of ocean- 
oriented spacecraft that use radar and sev- 
eral other types of sensors. The multisensor 
approach has the merit of yielding consid- 
erably more information from the simulta- 
neous use of an array of instruments than 
could be obtained from their operation sepa- 
rately. This philosophy has been successfully 
used in SEASAT-A. 

Three generalized types of useful oceanic 
observatories are : (1) a geodynamics/ocean 
topographic satellite, (2) an oceanic/marine 
atmospheric physics satellite, and (3) a ma- 
rine water quality/biologic/fisheries satellite. 

A geodynamics/ ocean topographic satel- 
lite . — This system, which has evolved from 
the EOPAP project, would determine the ma- 
rine geoid and superimposed local ocean topo- 
graphic features, with the aim of understand- 
ing the space and time variations in the 
shapes of both surfaces caused by geody- 
namic and oceanographic effects and their 
interactions. Examples of geodynamic effects 
are tectonic plate motion, polar wandering, 
and solid Earth tides; examples of oceano- 
graphic effects are oceanic currehts7 deep sea 
tides, storm surge, and wind setup. The 
prime sensor would be a precision altimeter 
with an altitude error of approximately 2 to 
5 cm, a precision that would require iono- 
spheric, tropospheric, and ocean-wave-height 
corrections. The spacecraft would probably 
have a symmetrical drag-free configuration, 
laser reflectors, and satellite-to-satellite trac- 
ing capability. The orbit would be circular 
and inclined at 105° to 115° retrograde. By 
maintaining this satellite or similar ones in 
orbit for periods of approximately one dec- 
ade, many highly significant Earth and ocean 
dynamics experiments could be performed, 
including measurements of continental drift 
and their relationship to earthquakes and a 
mapping of the major ocean currents and 
their time variations. 

The oceanic /marine atmospheric physics 
satellite . — This spacecraft measures sea sur- 
face and maritime atmospheric parameters 
that help establish the near-ocean-surface 
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marine environment. These parameters are 
also of importance for weather forecasting 
over both land and water and for longer term 
climatological studies. The measurement 
functions of this satellite would include all- 
weather observations of surface and upper- 
level pressures, windspeeds, and directions; 
atmospheric profiles of water vapor, liquid 
water, and rainfall rates ; air temperature 
profiles; sea-surface temperatures; wave 
heights, lengths, and directions ; wave refrac- 
tive patterns; and ice thickness, leads, poly- 
nyas, and general coverage. 

The orbit would probably be circular, near- 
polar, and prograde, with an inclination of 
75^. As such, the orbit would be non-Sun- 
■synchronous and would process through a 
day/night cycle in a few weeks. The altitude 
would be chosen as a compromise between 
swath width, resolution element, power, and 
precision rate, but it would probably be near 
Earth at 1000- to 2000-km heights. 

The sensor complement would include (1) 
an imaging radar for observing wave ampli- 
tude spectra and refractive patterns, shore- 
line dynamics, ice cover, and other similar 
features; (2) a combined scatterometer/mul- 
tifrequency microwave radiometer for ob- 
serving surface windspeeds and directions, 
atmospheric water vapor and liquid water 
content, and sea-surface temperature and 
salinity; (3) multifrequency/multiwave- 
length microwave and infrared sounders for 
determining temperature, pressure, and hu- 
midity profiles in the atmosphere; and (4) a 
multispectral thermal infrared imager cap- 
able of yielding quantitative land, sea sur- 
face, and cloudtop temperatures. 

This combination of instruments is com- 
plex ; however, the value of simultaneous ob- 
servations of the relevant parameters for 
maritime environmental forecasts is great 
enough to warrant this complexity. If achiev- 
able, this second observatory would represent 
a highly significant advance in the data base 
required for a several-day global weather and 
maritime forecast. 

Water qiuility, biological assay, and fisher- 
ies identification . — This system would rely 


heavily on spectral reflectivity analysis for 
determination of near-surface chlorophyll 
content, pollution, and sediment load. The 
required information could be derived from a 
multispectral imager optimized to the param- 
eters of interest and, equally important, from 
data obtained by the two spacecraft men- 
tioned previously. Of particular importance 
in the latter category are sea temperature, 
salinity, and current location. 

The requirements for multispectral analy- 
ses imply a Sun-synchronous orbit and par- 
ticular choices of look angle with respect to 
Sun angles so that illumination conditions on 
the ocean surface are uniformly maintained. 
Thus, this sensor complement may not be 
flown on the ocean/atmospheric physics plat- 
form, at least in a research mode, because the 
orbit for the research mode is deliberately 
designed to scan through a day/night cycle 
relatively quickly to observe diurnal effects. 
Operational spacecraft may not be so con- 
strained, however. 

Using these data, one may estimate pri- 
mary biological productivity, water mass 
identification, sediment transport, and gen- 
eral condition of the ocean. Location of po- 
tential fisheries can probably be inferred 
from such information. 

SEASAT-A . — This satellite is the first 
spacecraft dedicated to meeting in part the 
EOPAP objectives in ocean dynamics. The 
SEASAT-A is an outgrowth of a diversity 
of scientific and technological work conducted 
by NASA, the Department of Defense, the 
Department of Commerce, and several other 
institutions in both the measurement of re- 
quired physical quantities and the implemen- 
tation of appropriate sensors on the space- 
craft and on the ground. 

Description of the program. — SEASAT-A 
is a research-oriented program consisting of 
spacecraft precision groundtracking systems 
and data-processing and modeling capabili- 
ties that address both scientific and applica- 
tions problems in ocean-surface dynamics. 
The satellite will carry an array of active ra- 
dar and passive microwave and infrared in- 
struments with the capability of observing 
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the ocean on a day/night near all-weather 
basis. This group of sensors will allow SEA- 
SAT-A to make quantitative measurements 
of oceanic, atmospheric, and geodetic param- 
eters not only in clear weather but also under 
wind and wave conditions perhaps approach- 
ing hurricane force and over regions under 
persistent cloud cover. 

The mission profile for SEASAT-A is ten- 
tatively as follows : lifetime, 1-yr minimum ; 
orbit, approximately an 800-km altitude at an 
inclination of 108° (retrograde) ; eccentric- 
ity, less than 0.006 for a nearly circular orbit ; 
and period, 100 min, resulting in 14.5 orbits/ 
day. This orbit is nonsynchronous and will 
process through a day/night cycle in approxi- 
mately 4.5 months. The orbit spans almost 
all the unfrozen oceans of the world from the 
Antarctic to the Alaskan North Slope and the 
Arctic Archipelago. The orbit is also opti- 
mum for fine-grained mapping of the geoid 
over the open ocean. 

Instruments and sensors . — Each of the sen- 
sors proposed for SEASAT-A has predeces- 
sors that have been successfully flown on 
spacecraft and/or aircraft. Good-to-excellent 
assessments of the capabilities of these proto- 
types are available for wind and wave condi- 
tions approaching gale force, and enough is 
known of their theory of operation to make 
reasonable estimates of their performance 
under other, more severe environmental con- 
ditions. The selection of instruments was 
made to determine ocean-surface conditions 
in accordance with user data requirements 
set forth during NASA-sponsored meetings 
in early 1973. The sensors form a set of in- 
tegrated, interactive, and mutually support- 
ing devices, the simultaneous use of which 
brings about a genuinely synergistic effect 
wherein the total information derived from 
the sensor package is greater than the sum of 
the individual outputs. Meeting the user data 
requirements in their totality has not been 
possible because of limitations on system per- 
formance, but the five sensors described con- 
stitute a significant first step toward an op- 
timum configuration. 

Compressed pulse radar altimeter (CPRA) : 
The CPRA has two distinct functions ; the 


measurement of the altitude between the 
spacecraft and the ocean surface to an rms 
precision near ±10 cm and the determination 
of significant wave heights along the sub- 
satellite path. When combined with accurate 
orbital determinations, the altitude may be 
used to decipher the topography of the sea 
surface, including spatial variations in the 
geoid and time variations caused by ocean 
dynamics. 

Coherent imaging radar (CIR) : Wave in- 
formation will be obtained by using a CIR to 
obtain images of the ocean on a sampled 
basis. Such a radar can function through 
clouds and moderate rain to yield wave pat- 
terns near shorelines and in storms and can 
see waves with a length greater than approxi- 
mately 50 m. The CIR can also provide high- 
resolution pictures of ice, oilspills, current 
patterns, and similar features. Computations 
can be performed on the radar data to yield 
a quantity called the wave directional spec- 
trum, which gives the relative distribution 
of wave energy among different wavelengths 
traveling in various directions, and this fac- 
tor, together with the surface wind velocity, 
is the fundamental information needed in._ 
forecasting wave conditions on the ocean. 

Microwave wind scatterometer (MWS) : 
The third radar system, an MWS, is intended 
to measure surface windspeed and direction 
by sensing the small capillary waves induced 
by the wind over the ocean. Previous aircraft 
experience and recent Skylab data taken over 
the Pacific Hurricane Ava in June 1973 indi- 
cate that this sensor seems useful in winds 
approaching 25 m/sec, yielding speeds with 
an error of ±2 m/sec and directions to ±20°. 

In the SEASAT-A configuration, the out- 
put of the scatterometer will be measure- 
ments of lower windspeeds and directions 
taken over two 450-km-wide swaths equally 
displaced about the vertical by 300 km. In 
12 hr, these swaths map out a quiltlike pat- 
tern of areas over the portion of the oceans 
between 72° north and 72° south latitude 
with enough density of observations so that 
an essentially complete chart of surface 
winds will be obtained. 
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An experimental variation of the MWS, 
termed the “wave spectrometer,” is expected 
to be operated simultaneously with the MWS 
as an alternative, less complicated, and less 
complete method of obtaining wave direc- 
tional spectra along a 300-km-wide swath 
about the vertical. 

Scanning multifrequency microwave radi- 
ometer (SMMR) : The SMMR is a passive 
microwave device that simultaneously senses 
the microwave energy emitted by and re- 
flected from the ocean, ice, and atmosphere. 
To separate the various contributions to the 
signal from these sources, several microwave 
frequencies (6, 10, 18, 21, and 37 GHz) are 
used, each chosen for maximum sensitivity to 
one of those geophysical parameters. The 
scanning feature will enable low-resolution 
images of objects along its line of sight to be 
constructed from the signals received. 

The SMMR serves several functions. 
First, the SMMR is a windspeed instru- 
ment that senses the increase in emitted 
microwave energy caused by roughness, 
foam, and streaks on the ocean when higher 
windspeeds create wave breaking and white- 
caps. The estimated observable range of 
speeds is from approximately 10 m/sec to 
perhaps 50 m/sec. The upper limit has yet 
to be firmly established. Thus, the range 
of speeds measurable from SEASAT should 
be extended by the SMMR from the 25-m/sec 
limit of the scatterometer up toward hurri- 
cane-force winds. Second, the SMMR appears 
capable of measuring sea-surface tempera- 
ture with an accuracy of 10 K even through 
light clouds where present infrared devices 
are useless. Third, the other frequencies are 
used for determining atmospheric liquid 
water and water vapor content, quantities 
that are needed for models of oceanic and 
atmospheric boundary-layer processes and 
for important corrections to the precision 
altimeter measurements. Icefields and ice 
cover will also be observed with low resolu- 
tion from the SMMR. 

Maps of higher ocean-surface winds, tem- 
peratures, and overlying atmospheric water 
content will be the output of the SMMR. 


These maps will be combined with the wind 
data from the MWS to yield a global quanti- 
tative chart of windspeed below hurricane 
force. The measurements will be equivalent 
to some 20 000 ship reports a day. When 
these measurements are combined with avail- 
able ship and buoy surface information on 
wind and pressure, the atmospheric pressure 
field over the entire ocean, except perhaps 
near reserve storms, can be computed. This 
computation will also be possible in the data- 
sparse Southern Hemisphere. Such results 
should help improve the 24-hr weather fore- 
casts substantially. This improved predictive 
capability for winds implies an approximately 
equal improvement in forecasting waves, 
especially when assisted by the data on the 
initial state of the sea obtained from the 
radar altimeter and imager. 

Infrared radiometer (IRR) : The purpose 
of this sensor is to provide images of thermal 
infrared emission from ocean, coastal, and at- 
mospheric features that will help interpret 
the measurements from the other four micro- 
wave instruments. In addition, the IRR will 
have atmospheric correction channels that 
will enable temperatures to be deduced from 
the imagery with a precision of better than 1 
K in clear air. The device will be similar to 
scanning radiometers flown on Nimbus and 
the NO A A Improved Tiros Operational Satel- 
lite. 

The total system . — The informational out- 
put of the instrument complement will con- 
stitute three classes. The first class will be 
measurements of wave height, wave direc- 
tional spectrum, and surface windspeed and 
direction over the global ocean with a repeat 
time of 12 to 36 hr on a somewhat uneven 
grid that is at least as fine as 250 km in most 
parts of the world. The second class will be 
sea-surface topography from which currents, 
setup tides, and other similar features may 
be deduced in selected regions over a time 
scale of days or weeks. The third class is 
high-resolution imagery, both radar and in- 
frared, made over selected areas at specified 
times on selected time and space scales. 

The interrelationships among these several 
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classes of data are presented in table 3-XI, 
which illustrates the complex nature of the 
contribution that each sensor makes to the 
geophysical parameters being measured. 
Table 3-XI indicates the importance of carry- 
ing the full sensor complement to achieve the 
measurement objectives. 

SEASAT-A is thus an integrated observa- 
tory addressing the objectives discussed pre- 
viously. Table 3-XII outlines the capabilities 
of the spacecraft system in meeting the re- 
quirements set forth by the users at the start 
of the program. Not all of the desiderata 
have been met; in particular, the operation- 
ally determined requirements demand more 
than one spacecraft. Thus, the request for 
continuous coverage of wind and waves with 
an update every 12 hr, the desire for 100-km 
surface resolution on the SMMR channels, 
and the requirement for all-weather tempera- 
ture resolution of 0.25 K have been impossi- 
ble to achieve. It does not appear feasible to 


reach a global overall ±10-cm accuracy in 
geoid, altimeter, and tracking needed to re- 
duce the ultimate errors in current measure- 
ments to the level of 20 cm/sec. These con- 
siderations must await further work. 

Nevertheless, these data will be valuable 
for both research purposes and for demon- 
stration of near-operational uses in marine 
and weather forecasting. The program plan 
calls for assembling all the data in compatible 
format through a command and control cen- 
ter at the Goddard Space Flight Center, re- 
ducing and interpreting them as geophysical 
quantities, and disseminating them to re- 
search scientists in an orderly way. In addi- 
tion, on a few occasions during the life of the 
satellite, a real-time quasi-operational exer- 
cise will be conducted in which the wind/ 
wave/imagery information will be sent out 
on communications channels to users, such 
as the NOAA National Meteorological Cen- 
ter or the Department of Defense Fleet Nu- 


Table 3-XI . — Physical Parameter Measurement Methods 


Physical parameters 


Measurements 
and sensors 

Atmos- 

pheric 

water 

content 

Surface 

winds, 

speed, 

and 

direction 

Wave 

heights, 

length, 

and 

direction 

Wave 

near 

shores 

and 

storms 

Geoidal 

heights 

Surface 

currents, 

speed, 

and 

direction 

Tides, 

tsunamis, 

setups, 

storm 

surges 

Sea 

surface 

tempera- 

tures 

Ocean, 

ice, 

atmos- 

phere, 

and 

land 

features 

Radar backscatter 
(scatterometer) 


X 

X 






X 

Microwave emission 
(microwave radi- 
ometer) 

X 

X 

X 



X 


X 

X 

Altitude and rough- 
ness (i-adar 
altimeter) 


X 

X 

X 

X 

X 

X 


X 

Radar images 
(imaging radar) 


X 

X 

X 


X 




Infrared images 
(IRR) 

X 





X 


X 

X 

Ocean geoid 
(external data) 





X 

X 

X 


X 

Satellite position 
(external data) 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Other observations 
(external data) 

X 

X 

X 

X 

X 

X 

X 

X 

X 
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Table 3-XII. — Capability of SEASAT-A in Meeting User Requirements 


Physical parameter 

Instruments 

Range “ 

Precision 

Resolution 
or IFOV ^ 

Total FOV ' 

Comments 

Wave height if 1 / 3 ( 0 :, y) 

Pulse altimeter and 
coherent altimeter 

1.0 to 20 m 

±0.5 m or 
±10 percent 

2- by 7-km 
spot 

2 -km swath 

Along subsatellite track 
only 

Directional sea wave 
spectrum e, x, y) 

\ 

Imaging radar 
(two-dimensional 
transform) 

’p: Unknown 
L : 50 to 1000 m 
e,. : 0 to 360° 

p: — 

±10 percent 
tf„:± 10 ° 

50-m 

resolution 

20 - by 20 -km 
squares 

Global samples at 
250-km intervals 

Two-frequency wave 
spectrometer 

p: Unknown 
l„: 6 to 500 m 
: 90° sector 

p : — 

1»:±10 percent 
tf„:±90° 

8 - by 25-km 
spot 

300-km swath 
about nadir 

Global samples at 
150-km intervals 

Surface wind field 
W(x, y) 

Scatterometer 

W: 3 to 25 m/sec 
: 0 to 360 

±2 m/sec, 

±10 percent; 
± 20 ° 

<50-km 

spot 

Two 450-km 
swaths 

Global, 36 hr (low 
speeds) 

Microwave radiom- 
eter 

W: 10 to 50 m/sec 
9ic: Unknown 

±2 m/sec, 

±10 percent 

< 100 -km 

spot 

900-km swath 
about nadir 

Global, 36 hr (high 
speeds) 

Surface temperature 
field T (x, y) 

IRR 

-2 to 85 K 

± .25 to 1 K 

1- to 17-km 
IFOV 

1500-km swath 
about nadir 

Global, 36 hr (clear air 
only) 

Microwave radiom- 
eter 

0 to 35 K 

±1.5 K 

100 -km 

spot 

900-km swath 
about nadir 

Global, 36 hr (clouds 
and light rain) 

Geoidal heights h{x,y) 
(above reference 
ellipsoid). 

Pulse altimeter and 
coherent altimeter 

7 cm to 200 m 

±7 cm 

2- by 7-km 
spot 

18-km spacing 
along equator 

Sampled throughout 
lyr 

Sea surface topography 
J (x,y) (departures 
from geoid) . 

Pulse altimeter and 
coherent altimeter 

7 cm to 10 m 

±7 cm 

2- by 7-km 
spot 

2 -km swath 

Along subsatellite track 
only 

Oceanic, coastal, and 
atmospheric features 
(patterns of waves, 
temperature, currents, 
ice, oil, land clouds, 
and atmospheric 
water content) . 

Imaging radar 

High resolution 

All weather 

25 or 100 m 

100 or 200 km 

Sample directly or 
stored images 

IRR 

High resolution 

Clear air 

1 to 7 km 

1500-km swath 

Broadly sampled images 

Microwave radiom- 
eter 

Low resolution 

All weather 

15 to 100 km 

900-km swath 

Global images 


° The l«, is wavelength of waves, is directional angle of the waves, and W is windspeed. 
* Instantaneous field of view. 

' Field of view. 
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merical Weather Center, with less than a 3- 
hr delay. Another exercise visualized is one 
in which near real-time radar images of the 
icefields along the Northwest Passage are 
obtained and estimates are made of their use- 
fulness to real or hypothetical ship passages. 

An important element in interpreting the 
SEASAT-A data and extending its utility 
will be a combination of the information ob- 
tained from this spacecraft and the consider- 
able data on oceans and atmosphere available 
from other sources. The environmental/ 
meteorological satellites, ships, buoys, and 
transoceanic aircraft are obvious sources for 
marine and weather data. In the case of 
ocean-wave forecasts, a land-based high- 
frequency skywave radar that is intended for 
operational detailed monitoring of wave spec- 
tra near the continental United States is ex- 
pected to be in service. Its fine-grained data 
complement the necessarily coarser-space 
open ocean-wave spectral data from SEA- 
SAT-A. Similarly, research data on cur- 
rents, tides, the geoid, and the other parame- 
ters of interest will be amalgamated with the 
SEASAT-A data by individual researchers 
interested in specific problems. 

Scientific problems . — In addition to being 
an applications satellite, SEASAT-A will be 
an important research tool in several areas of 
geophysics, as shown by the following list of 
scientific problems that it can address. 

Oceanography; The mapping of major 
ocean currents and their time and space va- 
riations in selected regions will be achievable 
by a combination of infrared imagery to yield 
positions and precision altimetry for esti- 
mates of surface speeds. 

Global deep-sea tides should be extractable 
from altimetry measurements with errors of 
perhaps a few tens of centimeters during a 
year of data taking; in contrast, only a few 
dozen measurements of open ocean tides 
presently exist. 

Altimeter sensing of a tsunami in the Pa- 
cific Ocean may be possible if one or more of 
those earthquake-caused waves occurs during 
the lifetime of the satellite. The information 
obtained may assist in determining the en- 


ergy content of the tsunami and help reduce 
the problem of overwarning that now exists. 
However, an operational warning system 
cannot be predicated on the basis of satellite 
altimetry. 

Ice dynamics can be studied with repeated 
radar imagery taken in the polar regions. 
The size and extent of leads and cracks es- 
tablish the heat exchange between air and 
water and, hence, determine much of the 
weather in those regions. 

The generation, spatial distribution, and 
radiation of waves by storms and hurricanes 
may be investigated with radar imagery. Us- 
ing detailed wave spectra, wave/wave inter- 
action may be studied as a process that cas- 
cades energy from short to long waves, which 
result in high sea states. Little is known 
quantitatively about the surface-wave regime 
on continental shelves under severe storm 
conditions. Similarly, interactions of storm 
surf with shorelines and coastal structures 
can be observed during bad weather. 

Oceanographers have never been able to 
gain the overview of their domain required 
to understand synoptic or planetary scale 
events in thq sea. The SEASAT-A .should 
provide a very important vantage point for 
that view. 

Boundary-layer meteorology: The greatly 
increased knowledge of the surface tempera- 
ture, wind, and pressure fields over the 
oceans will aid in understanding large-scale 
atmospheric circulation and air/sea heat ex- 
change. The effects of the sea temperature 
on hurricane growth, jetstream deflection, 
and global climatology may be illuminated by 
these measurements. Poleward transport of 
heat by oceanic currents can be assessed 
more accurately, and the effect on the overall 
heat balance can be assayed. 

Geodetic science : The prime geodetic out- 
put of SEASAT-A will be a precise fine-scale 
equipotential surface (geoid) over the ocean. 
This measure of the Earth may be used to 
determine gravimetric deflections of the ac- 
curacy of the new North American datum. 
Gravity anomalies caused by large under- 
water features such as sea mounts and 
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trenches may also be observed. The discrep- 
ancies between spirit leveling and sea-level 
measurements along the coasts may be re- 
solved by the precise knowledge of sea- 
surface topography. 

The improved gravity fields should result 
in more accurate satellite orbital determina- 
tion. The influence of polar wandering and 
other nonrigid Earth motions may be meas- 
ured more readily, and the origins of the mo- 
tions can be sought using orbital analysis and 
accurate tracking. 

Engineering science; A high-technology 
system such as a spacecraft always results in 
many important developments in technology 
and engineering science. Although it is diffi- 
cult to specify exactly what the yield of 
SEASAT-A in this regard will be, a safe 
speculation would be that significant ad- 
vances are expected in areas of short pulse 
and coherent radars, in tracking technology, 
and perhaps in data handling and dissemina- 
tion. Other technologies presumably will be 
upgraded during the program. 

Aircraft 

Aircraft provide mobile, variable altitude 
platforms to fulfill four needs : 

1. Providing a relatively inexpensive 
means to field test hardware. 

2. Collecting data to verify theoretical 
models. 

3. Collecting ground-truth data to verify 
the performance of satellite systems. 

4. Conducting near-shore fine-scaled quick- 
response studies. 

For many features, the temporal require- 
ments for observation in the coastal region 
are considerably more frequent than for the 
open ocean. For specific coastal phenomena, 
such as circulation, the observation may well 
be tidally dependent and require multiple 
observations during the tidal cycle. Obser- 
vations should be sensitive to seasonal varia- 
tions and persistent wind conditions. How- 
ever, continuous observations over extended 
periods and regions are not required and can 
be accomplished on a geographically selective 


basis. Hence, the aircraft platform comple- 
ments satellite systems by increased temporal 
coverage for coastal requirements. 

Aircraft in the aerospace program have 
been used for testing and establishing feasi- 
bility for space techniques and for providing 
several levels of monitoring in multistage 
sampling systems. These roles will continue 
for microwave development and for sea truth 
and instrument validation for experimental 
and operational satellite systems. Because of 
spatial resolution limitations of microwave 
systems and increased levels of temporal cov- 
erage needed for coastal operations, aircraft 
rather than geostationary platforms will be 
responsible primarily for active microwave 
selective coverage in the coastal region. 
Hence, imaging radar systems developed for 
aircraft can play an operational role in un- 
derstanding coastal dynamics. 

Lighter-Than-Air Airships 

A unique opportunity exists with the 
station-keeping capability of relatively vibra- 
tion-free airships. The plan position indica- 
tor radar (without clutter rejection circuits) 
can be combined with time-lapse photography 
techniques to monitor wave refraction effects 
in a continuous manner. In particular, wave 
energy focusing effects can be quantitatively 
evaluated over regions with approximately a 
30- to 50-km radius, which is sufficient for 
many coastal activities. 

The dirigible can monitor specific activities 
at sea on a very economical basis. Such ac- 
tivities include fishing operations and dump- 
ing of wastes into the ocean. For research, 
dirigibles offer the advantage of maintaining 
a specific area of ocean in the field of view of 
its instrument payload with varying observa- 
tion angles, solar angles, etc. 

Some benefits that ocean scientists could 
derive if they used the unique range, load, en- 
durance, and flight characteristics potentially 
offered by airships are as follows ; 

1. Mounting of the largest microwave an- 
tennas ever flown. 

2. Shortening of transit times (compared 
to ships) to remote ocean observation areas. 
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3. Unsurpassed staying power compared to 
airplanes or helicopters. 

4. Stable and vibration-free flight. 

5. Roominess onboard and good habitabil- 
ity characteristics. 

6. Ability to carry a variety of oceano- 
graphic sensors, including very large listen- 
ing arrays that can be towed without self- 
generated hull and propeller noise. 

7. Capability to process observational data 
in flight and repeat the experiments on scene 
if required. 

8. Opportunity to observe remotely from 
the air and simultaneously sample the ocean 
in situ for ground truth. 

Being a function of volume, their perform- 
ance could be tailored to the particular ocean 
work assignment involved. Nonrigid airships 
(the so-called blimp type) could be sized at 
approximately 0.1 million cubic meters for 
coastal work. Larger airships of the rigid or 
structural class, perhaps 0.55 million cubic 
meters, would be used for protracted mid- 
ccean missions. Ocean-related payloads 
might range from 5000 to 35 000 kg. Maxi- 
mum speeds should exceed 60 m/sec. Refuel- 
ing from surface ships or use of nuclear pro- 
pulsion, for which lighter-than-air airships 
are peculiarly suited because of their low en- 
ergy requirements, would insure impressive 
station-keeping capabilities. 

Data Collection Platforms 

The NASA Synchronous Meteorological 
Satellite A (SMS-A) was launched in June 
1974. The SMS-B is to be launched in Janu- 
ary 1975. The backup satellite, the NOAA 
GOES-A, is scheduled to be launched in Au- 
gust 1975. The GOES-A will be stored in 
orbit to replace either SMS-A or SMS-B 
should the need arise. 

The subpoint locations for SMS-A and 
SMS-B are expected to be near 75° and 135° 
west longitude, respectively. The first satel- 
lite will be temporarily located near 100° 
west longitude. The second satellite will be 
positioned near 20° west longitude to support 
the GARP Atlantic Tropical Experiment 
(GATE). At the conclusion of GATE, the 


satellites will be moved to their designated 
operating positions. 

From the Earth-synchronous orbit, 35 000 
km above the Equator, the satellite will (1) 
provide near-continuous day/night imaging 
of the Earth surface and cloud cover over an 
area with a radius of at least 55° great circle 
around the satellite subpoint; (2) rebroad- 
cast that imagery in a “slowed-down” mode 
for direct reception by suitably equipped re- 
gional user stations; (3) monitor the space 
environment in terms of solar energetic par- 
ticles, X-rays, and the geomagnetic field ; 
(4) broadcast environmental service prod- 
ucts such as charts, analyses, and advisories 
to remote locations; and (5) collect and relay 
environmental data sensed by a variety of 
widely dispersed in situ platforms such as 
river and rain gages, seismometers, tide 
gages, buoys, ships, and automatic weather 
stations. 

For the environmental data collection sub- 
system, the spacecraft is being designed with 
a capacity to collect and relay environmental 
observations from 10 000 or more individual 
observing platforms within each 6-hr period. 
Sensor data will be transmitted to the space- 
craft either in an interrogated or self-timed 
mode of operation, using frequencies in the 
lower ultrahigh frequency (400 to 500 MHz) 
band. The preferred data format is the 
American Standard Code for Information 
Exchange, which is the U.S. Government 
standard, and is computer compatible. A 
platform equipped with a 10-dB gain antenna 
and a 5-W transmitter can operate effectively 
at an antenna elevation angle of 7.5°. The 
data received at the satellite will be trans- 
ponded at S-band frequencies (nominal 1694 
MHz). Data collected from these platforms 
will be relayed through the satellite and ac- 
quired by the National Environmental Satel- 
lite Service (NESS) Command and Data Ac- 
quisition Station at Wallops, Va., and relayed 
to a central location in Washington, D.C. As 
the program evolves to a fully operational 
status, these data will be disseminated rou- 
tinely in a standard format over environ- 
mental data communications circuits. 
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The long-awaited plan for the operational 
GOES data-collection subsystem is nearing 
completion. The plan includes a question- 
naire to be completed by those planning to 
establish data collection platforms. The re- 
sponses to the questionnaire will be used by 
NESS to evaluate the need for the service, 
assign the channels to be used, and determine 
priorities for collection. Interface require- 
ments for the self-timed and interrogated 
data-collection platform radio sets have been 
developed. 

The system will be available for interna- 
tional participation by environmental serv- 
ices agencies/organizations in programs of 
mutual interest. Consistent with World Mete- 
orological Organization practices, participat- 
ing user agencies will bear the cost of the in 
situ platforms and environmental sensors. 


the radio equipment to establish the plat- 
form-satellite communications link, and the 
standard communications terminal equip- 
ment (teletypewriters) in their operating fa- 
cilities. If the user has a unique need for 
dissemination from Washington, D.C., he 
may choose to provide, at his cost, for special 
communications between his facility and 
Washington, D.C. 

The use of the data-collection system will 
be limited to the collection of environmental 
data in accordance with applicable Interna- 
tional Telecommunication Union regulations 
concerning use of the allocated frequency 
bands. Environmental data are defined as 
observations and measurements of the physi- 
cal, chemical, or biological properties of the 
oceans, rivers, lakes, solid Earth, and atmos- 
phere (including space). 
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APPENDIX 3A 

ORBITAL ERRORS 


Ever since orbits have been computed — of 
celestial bodies during the last several cen- 
turies or of artificial satellites during recent 
times — orbital errors in position and velocity 
have attracted the attention of analysts. Or- 
bital errors were a major consideration when 
rockets and artificial satellites were first 
launched. As space missions increased and 
became more sophisticated, requirements for 
the reduction of orbital errors became in- 
creasingly important. 


Presently, orbital accuracies in the meter, 
decimeter, and even centimeter region in po- 
sition and in millimeters per second or less in 
velocity are needed for Earth and ocean dy- 
namic satellite missions ^ (ref. 3A-1) . 

Such missions as Skylab, GEOS-C, and 
particularly SEASAT-A required orbital ac- 

’NASA: Earth and Ocean Physics Applications 
Program. Vol. I — Executive Summary, Vol. II — 
Rationale and Program Plan, Sept. 1972 (NASA 
internal document, restricted distribution) . 
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curacies commensurate with requirements to 
determine the gross features of the sea sur- 
face topography (ref. 3A-2). 

Figures 3-45 and 3-46 depict the orbital 
height differences (quasi-errors) of the Sky- 
lab missions. Figure 3-45 shows a 25-m 
height variation and figure 3-46 shows a 40- 
m height variation, which can be seen from 
the difference of the “measured” sea surface 
and the “computed” sea surface, assuming 
that the bias error in the radar altimeter is 
small compared with these values mentioned. 
Experience indicates that crosstrack errors 
and along-track errors may be three to eight 
times as large, respectively (ref. 3A-3). The 
GEOS-C has an altimeter that can measure 
spacecraft height above the oceans within 0.5 
to 1.0 m. Experience with Skylab certainly 
justifies the belief that these rather small 
values are attainable = (refs. 3A-4 and 3A- 
5) . This knowledge, in turn, dictates that or- 
bital height errors must be known to the same 
order of accuracy. Only the orbital radial 
component (height) is of importance for 
ocean altimetry. 

PRESENT STATE OF THE ART 

A realistic estimate of the errors must in- 
clude all errors associated with the basic 
measurements (tracking systems), electro- 
magnetic propagation (troposphere and iono- 
sphere), tracking station location, timing, 
basic physical constraints, and, in particular, 
the gravity field of the Earth. In addition, 
the errors have to be separated into random 
errors, which are subject to statistics, and 
bias errors, which stay more or less constant 
during the measurement processes. The bias 
errors are more harmful because they do not 
decrease inversely as the square root of the 
number of samples. An increase in the num- 
ber of measurements does not decrease the 
total error of the spacecraft position and 
velocity. 


which will be interpreted as orbital errors. 
Both theoretical error analyses and orbital 
uncertainty estimates are discussed in some 
detail. 


Orbital Uncertainty Estimates 

Orbital uncertainty estimates (refs. 3A-3 
and 3A-6) are based on practical orbital de- 
termination and include all errors (known 
and unknown) that appear when an orbit is 
calculated. The principle is rather simple and 
is depicted in figure 3A-1. Orbits, which are 
calculated for 2-day time intervals, overlap 
by 1 day. The maximum and minimum posi- 
tion differences in the overlap region are re- 
corded as a measure of the uncertainty asso- 
ciated with the orbit. These arcs have differ- 
ent data sets, different tracking stations, and, 
as mentioned, describe reality. 

Orbital Errors Using Error Theory 

In many cases, particularly during project 
planning phases, error analyses have to be 
performed on a theoretical basis only, because 
the tracking system to be used is not yet built 
and/or the spacecraft is not designed. These 
techniques have been used for basic designs 
of range and range-rate systems, the Apollo 
Tracking Network, and plans for a new orbit- 
ing tracking system, which is presently under 
investigation (refs. 3A-7 to 3A-11). 

Figures 3A-2, 3A-3, and 3A-4 show some 
examples of the orbital uncertainty estimates 



UNDERSTANDING THE PROBLEM 

A brief outline will be given on the gen- 
eral subject of orbital uncertainty estimates, 

- Personal communication, McGoogan, 1974. 


Figure 3A-1. — Schematic illustrating principle of 
orbital uncertainty estimates. Orbits are “con- 
nected” at that time within the overlap region 
where the position differences are at a minimum 
(case of 100-percent overlap) . 
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that have been obtained for the Orbiting Geo- 
physical Observatory IV (OGO-IV) and 
GEOS-I and GEOS-II. Thus, the OGO-IV 
spacecraft orbital uncertainty estimates dur- 
ing the 30-day period depicted in figure 3A-2 
cover the band between 50 and 700 m; that 
is, the average position error should be ap- 
proximately 300 m. Similarly, from figure 
3A-3, if one determines a GEOS-1 orbit with 
the Goddard minitrack system only, the orbi- 
tal uncertainty estimates cover a band from 
30 to 210 m during the 15-day timespan. If 
good optical data are used, orbital uncer- 
tainty estimates vary between only 0 and 30 
m. However, these values are still, to a cer- 
tain extent, relative rather than absolute 
values. 

An error analysis (refs. 3A-7 to 3A-11) 
for the 30-day OGO-IV orbit has been per- 
formed, and the result is superimposed on the 
orbital uncertainty estimates shown in figure 
3A-2. The orbit uncertainties, based on the 



Figure 3A-2. — Orbital uncertainty estimates for 
OGO-IV. 



Time, days 


Figure 3A-3. — Orbital uncertainty estimates for 

GEOS-I. 

error theory applied, fall within the upper 
regions of the error as determined by the 
overlap method. This agreement is consid- 
ered good because a 50-percent “error-of-the- 
error” determination is an acceptable first 
theoretical estimate. 

As previously mentioned, it is very difficult 
to make accurate theoretical predictions of 
expected orbital errors. Tracking system er- 
ror parameters (refs. 3A-11 to 3A-15) have 
to be determined and chosen from previous 
orbital analyses. The information presented 
in figure 3A-2 shows that these theoretical 
errors are on the high side because rather 
large system bias error values are used in the 
error theory, and biases contribute most to 
the orbital errors. Noise contributions re- 
duce statistically with an increase in the 
number of measurements used, whereas bias 
contributions, by their nature, stay constant 
(refs. 3A-7 to 3A-9) regardless of the num- 
ber of measurements taken and actually used. 

During the past few years, considerable 
progress has been made in reducing orbital 
errors because of improvements in determin- 
ing (1) the Earth gravity field model (the 
major contributor to orbital errors) ; (2) the 
mathematical orbital systems models; and 
(3) the errors in the tracking system, al- 
though this has not been fully exploited at 
this time. 

This paragraph gives some examples of or- 
bital uncertainty estimates for GEOS-II us- 
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Figure 3A-4. — Satellite overlap position differences for GEOS-II (GEM-6 model, Naval 
Weapons Laboratory Doppler) . 


ing Naval Weapons Laboratory Doppler and 
optical data. The examples concern three 
different gravity fields: namely, the God- 
dard Earth models (GEM-1 and GEM-6) 
and the Smithsonian Astrophysical Institu- 
tion (SAG). Figure 3A-4 shows the orbital 
uncertainty estimates for a 1-day overlap in 
the along-track, crosstrack, and radial-track 
components of the orbit. It is interesting to 
note that the GEM-6 errors in altitude are 
smaller than the GEM-1 errors (2-day com- 
putation shown in fig. 3A-5). However, if 
one intends to project the orbit 10 days into 
the future, the GEM-6 model performs this 
task very well (fig. 3A-5). Assuming that 
the GEM-6 model is better than the GEM-1 
model, one should expect a good perform- 
ance because, during the projection period. 


the satellite orbit depends solely on the grav- 
ity field. Finally, figure 3A-4 shows the be- 
havior of the orbital uncertainty estimates 
over a 24-hr period of overlap. Only the 
along-track component has much deviation. 
Radial-track and crosstrack components lin- 
early cancel out, as they should from orbital 
energy consideration. The sinusoidal-like va- 
riations do have orbital periodicity, as theo- 
retically expected (ref. 3A-9) . 

IMPACT OF MICROWAVE TECHNOLOGY 

The only metric measurements taken from 
orbit that are closely related and/or depend- 
ent on accurate orbital information are radar 
altimeter data. All other oceanographic meas- 
urements, such as wave height, wave direc- 
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Figure 3A-5. — Satellite overlap projected position differences in meters for GEOS-II. 


tion, and microwave images, are not so de- 
pendent on accurate position and thus on 
orbit determination. Spaceborne altimeter 
systems such as those flown (or to be flown) 
on Skylab, GEOS-C, and SEASAT have a 
substantial effect on the orbital error deter- 
mination. Instead of having only a few min- 
utes of tracking data, one can obtain such 
data almost continuously along the orbit (ex- 
cept over land areas) . 

The effect in this case is twofold. First, 
the orbital errors will be reduced (more 
tracking and an improved gravity field) ; sec- 
ond, the sea surface topography can actu- 
ally be measured for the first time (ref. 3A- 
2). The Skylab results are tremendously en- 
couraging in this respect. Much sea surface 
topography information ^ has already been 
extracted from Skylab data, and the analysis 
is just beginning. Relating this fact to the 
increased coverage that GEOS-C will have as 

“ Personal communication, McGoogan, 1974. 


compared to Skylab, gravity field and sea sur- 
face topography improvements will be sub- 
stantial. 

Thus, sea-surface topography errors that 
are, at present, approximately 2 to 15 m or 
more will be reduced. The estimates are that 
GEOS-C will reduce these geoidal error 
values on a global scale from 0.5 to 2 m in 2 
to 3 yr, facilitating the way for the SEA- 
SAT-A mission with the ultimate goal of de- 
termining the sea surface topography to 
within 0.1 to 0.2 m (ref. 3A-1).^ 

REQUIREMENTS 

Orbital height errors have to be reduced 
considerably if the EOPAP requirements for 
the sea-surface topography are to be satisfied. 
As shown in figures 3—45, 3-46, 3A-1, 3A-4, 

* Also, see Earth and Oceans Physics Applications 
Program. Vol. I — Executive Summary, Vol. II — 
Rationale and Program Plan, Sept. 1972 (NASA 
internal document, restricted distribution) . 
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and 3A-5, orbital errors are still in the meter 
range. However, when proper boundary con- 
ditions are imposed on the oceans,® the errors 
in determining the sea-surface topography 
may be smaller, by a factor of 3 to 5, than 
those of the orbital height under certain re- 
straining conditions. For example, a nodal 
distance of 19° (half wavelength of error) 
and a 1-m orbital height error would con- 
tribute only 0.10 to 0.15 m to the geoid error. 
Any orbital altitude bias error would trans- 
form directly into an equivalent geoid error. 
For instance, a constant height error results 
from an error in the Earth gravitational 
parameter. Thus, another requirement for 
accurate altimetry is the better determina- 
tion of this parameter. 
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APPENDIX 3B 

NATIONAL PRIORITY AREAS FOR COASTAL ZONES 


The VIMS study is summarized in the fol- 
lowing information. Remote sensing of tem- 
perature and salinity are two high-priority 
items, whereas sea state is a low-priority 
item. 

The priorities for environmental data are 
as follows : 


1. Water pollution and ecosystem balance 


a. Water pollution : 

(1) Toxic wastes, biocides, and 

heavy metals 9 

(2) Sewage, nutrients, and oxy- 

gen-demanding wastes . . 9 

(3) Radioactivity 9 
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(4) Oil 9 

(5) Suspended sediment 8 

(6) Thermal effluent 9 

b. Estuarine and coastal ecosystems : 

(1) Producers: 

(a) Wetlands; etc 9 

(b) Phytoplankton 9 

(c) Coastal vegetation 9 

(2) Hydrography 

(a) Dissolved oxygen .... 9 

(b) Salinity 9 

(c) Temperature 9 

(d) Currents and circula- 

tion 9 

(3) Chemical cycles 8 

(4) Mathematical models 9 

2. Natural resources : 

a. Food 

(1) Fish . . . 8 

(2) Shellfish 7 

b. Water supply 5 

c. Minerals 3 

3. Extreme events: prediction, survey, 
and assessment of coastal storms, earth- 
quakes, and tsunamis: 

a. Sea state 4 

b. Surge, tides, and sea level 4 

c. Littoral response, shoals, and 

shorelines 4 

4. Other aids to shipping and navigation : 

a. Ice cover 2 

b. Shoals, shorelines, seastate, and 

currents 2 


The following list enumerates the remote 
measurables defined by VIMS. Nos. 13, 15, 
and 16 were not included in the matrix. 

1. Ice 

2. Sea level (altimetry) 

3. Sea state 

4. Tides 

5. Salinity 

6. Water color 

7. Water-surface temperature 

8. Oilslicks 

9. Bathymetry 

10. Shorelines 

11. Shore topography 

12. Coastland vegetation and land use 

13. Benthic vegetation 


14. Fish schools 

15. Coastal mammals 

16. Bioluminescence 

The areas in which active microwave systems 
may be applicable are indicated in table 3B- 

I. 

The following items are recommended by 
VIMS for a coastal zone oceanography pro- 
gram. 

1. Remote sensing of salinity (top prior- 
ity). 

2. Development of common satellite for 
oceanography and meteorology. 

3. Development of computer-simulation 
models of major estuaries. 

4. Accurate mapping of coastal wetlands. 

5. Development of remote sensing as the 
primary method for detecting suspended 
sediments. 

6. Provision for data acquisition of se- 
lected areas by command. 

The approach taken by ODU to establish 
priorities was to circulate a questionnaire to 
universities, industries, institutions, and 
State and local governments. The results 
again show that more disciplines require tem- 


Table 3B-I . — Order of Priority of Remote 
Measurables Defined by VIMS“ 


Remote measurable 

Percent score 

Percent score 
with weighting 
factor removed 

Water-surface 
temperature 

19.0 

17.7 

Water color 

15.0 

13.6 

Salinity 

14.4 

13.2 

Coastland vegetation 
and land use'' 

12.7 

11.8 

Oil" 

8.3 

7.7 

Bathymetry 

7.1 

7.7 

Tides " 

5.5 

6.4 

Shorelines " 

4.8 

5.0 

Shore topography" . . 

3.7 

4.1 

Sea state " 

2.8 

4.1 

Sea level and 
altimetry * 

2.6 

3.2 

Ice 

2.3 

3.6 

Fish schools 

1.9 

1.8 


" Current and circulation data can be derived by 
means of several of the remote measurables. 

^ Denotes active microwave sensing potential. 
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perature/salinity measurements than sea- 
state measurements. The following priorities 
in coastal zones have been established by 
ODU as a result of the questionnaires. 

1. Biological oceanography : 

a. Pollution 

b. Fisheries 

c. Coastal geography and cartography 

d. Hazards to shipping and coastline 

2. Marine geology 

a. Baseline studies : physical, . chemi- 
cal, biological, and geological en- 
vironment 

b. Pollution 

c. Shoreline processes 

d. Oil and mineral resources not urgent 

3. Chemical oceanography : 

a. Pollution 

b. Studies related to establishing fertil- 
ity of coastal waters 

4. Physical oceanography/meteorology : 

a. Water-mixing dynamics 

b. Baseline data for understanding 
physical regime 

c. More data on spatial and tempo- 
ral distribution of parameters for 

_ . mathematical models __ 

The following information needs in coastal 
zones have been defined by ODU. 

1. Pollution ; 

a. Pathways of pollution in biological 
systems and tolerance 

b. Importance of estuaries in general 
ecology and influence of pollution 

c. Good hydrological information 

d. Adequate instrumentation 

2. Fisheries : 

a. Physical oceanographic studies 

b. Systematic study of specimens 

c. Population dynamics 

d. Effects of environmental alteration 

3. Geological processes : 

a. Suspended sediment circulation and 
transport in deep and shallow water 

b. Bathymetry data 

c. Wave energy 

4. Chemistry ; 

a. More emphasis on transport and 
long-term deposition of pollutants 


b. Anal 3 d:ical methods for specific or- 
ganic pollutants in all waters 

c. Upgrade gathering, monitoring, 
treatment of basic data 

d. Physical and chemical properties of 
particles in water 

e. Mathematical description of natural 
water systems 

5. Physical oceanography/meteorology: 

a. Physical data of water system 

b. Effluent characteristics 

c. Nutrient distribution 

d. Incoming radiation and effective 
back radiation 

e. Evaporation and precipitation 

/. Improved predictions with math 
models 

The number of disciplines requiring remote 
measurables defined by ODU are listed in 
table 3B-II. 

The following information is a description 
of ODU recommendations for the coastal 
zone oceanography program. 

1. Data for improving knowledge of 
coastal water-mixing processes. 

2. Need for large engineering data base of 

reliable data : 

a. Surface waves 

b. Wastes and pollution 

c. Sea/shore interactions 

d. Seabed conditions 


Table 3B-II. — Number of Disciplines 
Requiring Remote Measurables Defined 
by ODU 


Remote measurable 

Number of disciplines 

Water mixing 

4 

Surface temperature 

4 

Salinity 

4 

Suspended sediments 

4 

Sea level 

3 

Nutrients 

3 

Sea state 

2 

Bathymetry 

2 

Vegetation and soils 

2 

Oil 

2 

Shorelines (cartography) . . 

2 

Radiation 

1 

Evaporation 

1 
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3. Coordination of oceanographic and me- 
teorological observations with ERTS pro- 
grams: World Weather Watch, GARP, and 
Integrated Global Ocean Station System. 

4. Establishment of communications be- 
tween NASA and director of IDOE to discuss 
cooperative efforts. 

5. Establishment of a coastal zone man- 
agement system needed for coordinating dis- 
ciplinary interests. 

Item 2 seems to be a probable area for active 
microwave techniques. 

The problems considered by ODSI are pre- 


sented in table 3B-III, and a priority listing 
that reflects the ODSI, VIMS, and ODU stud- 
ies is given in table 3B-IV. The areas in 
which active microwave techniques may be 
appropriate are indicated in table 3B-IV. 
Note that wave measurements are at the bot- 
tom of the list. 

The desired measurables as a function of 
resolution requirements are shown in table 
3B-V. One of the most notable aspects of the 
chart is that spatial resolutions as small as 
10 m are required. For this reason, perhaps 
the microwave studies of coastal regions 
would be restricted to those done from air- 
craft. 


Table 3B-III. — National Priority Area Issues and Most Relevant Data Types 
for Each Area in the Coastal Zone Defined by ODSI 


Priority area 

Issue 

Relevant data types 

Pollution 

Locate sources of discharge 

Petroleum 


Determine types of discharge 

Bioassays 


Determine extent of pollution effects 

Water temperature 


Determine assimilative capacity 

Currents 


Determine optimal siting for industry 

Salinity 


Effect enforcement 

Water density 


Assist rapid cleanup 

Permeability 

pH 

Tides 

Metals 

Plankton 

Color 

Bathymetry 
Particulates 
Porosity (bottom) 
Bottom 0- uptake 
Bacteria 
Sediment pH 

Fisheries 

Locate new fishing areas 

Fish 


Improve scouting operations 

Plankton 


Improve catching operations 

Currents 


Forecast abundance 

Bathymetry 


Improve management 

Water temperature 
Nutrients 
Mammals 
Freshwater inflow 
Bioassays 
Salinity 
Dissolved gases 
Dissolved organics 
Color 

Hazards to shipping and coastlines. 

Identify hazards to navigation 

Winds 


Provide climatologry 

Water temperature 


Monitor ocean phenomena 

Currents 


Assist rescue operations 

Ice 





Table 3B-III . — National Priority Area Issues and Most Relevant Data Types 
for Each Area in the Coastal Zone Defined by ODSI — Conchided 


Priority area 

Issue 

Relevant data types 



Waves 

Air temperature 

Precipitation 

Clouds 

Barometric pressure 
Breakers and surf 
Tides 

Bathymetry 
Humidity 
Solar radiation 
Topography 

Coastal geography and cartography. 

Assess mineral resoui'ces 

Bathymetry 


Improve coastal surveys 

Sediments 


Identify land use 

Topography 


Monitor shoreline processes 

i 

Land use 
Soils and geology 
Currents 
Tides 

Vegetation 

Water temperature 

Sediment settling rate 

Radioactive tracer concentration 

Particulates 

Color 

Metals 

Petroleum 


Table 3B-IV.— A Comparison of Coastal Zone Data Requirements 
Established by ODSI, VIMS, and ODU 


ODSI, remote measurable 

ODSI, percent score 

VIMS, weighting factor 

ODU, number of disciplines 

Currents" 

7.5 

9 

4 

Bathymetry 

7.2 

9 

2 

Water temperature 

7.0 

9 

4 

Tides “ 

5.0 

4 

3 

Petroleum “ 

0.8 

9 

2 

Sediments 

4.6 

8 

4 

Winds ° 

4.5 

4 

2 

Color 

4.5 



Plankton 

4.3 

9 

1 

Salinity 

4.3 

9 

4 

Precipitation 

4.0 



Vegetation" 

3.9 

9 

2 

Air temperature 

3.9 



Fish 

3.7 

8 


Bioassays 

3.7 



Nutrients 

3.7 

9 

3 

Topography " 

3.7 

4 

2 

Water density 

3.5 


1 

Freshwater inflow 

3.5 

5 

1 

Particulates 

3.5 

9 

1 

Metals 

3.1 

9 

1 

Land use 

3.1 


2 

Waves" 

3.0 

4 

2 


“ May be appropriate for active microwave techniques. 










Table 3B-V. — Remote-Sensing Requirements for Water Pollution Monitoring 


itk , 

li« 


Remote measurable 

Type° 

Spatial 

resolution, 

m 

Spectral 

resolution 

Spectral 

range 

Temporal 

resolution 

Solar 
elevation, 
deg . 

Low angle 
from nadir, 
deg 

Area 

coverage, km 

Temperature 

A 

10 

±1K 

10 to 12 Mm 

2 hr 

NA” 

NA 

20 by 20 


B 

100 

±1 K 

or 

7 days 



150 by 150 


C 

1000 

±1 K 

3 to 5 Mm 

7 days 



300 by 300 

Currents 

A 

10 

0.01 m/sec 

0.4 to 0.8 Mm 

2 hr 

NA 

NA 

20 by 20 


B 

100 

0.05 m/sec 


7 days 



150 by 160 


C 

1000 

0.05 m/sec 


7 days 



300 by 300 

Salinity 

A 

NA 

NA 

NA 

2 hr 

NA 

NA 

NA ■ ' 


B 

100 

±0.5%c 

MW' 

6 hr 



150 by 150 


C 

1000 

±0.S%o 

MW' 

7 days 



300 by, 300 

Surface winds 

A 

10 

±0.1 m/sec 


NA 

30 to 60 

-5 to 30 

NA 


B 

100 

±0.5 m/sec 

or MW' 

6 hr 



160 by 150 


C 

1000 

±0.5 m/sec 


7 days 



300 by 300 

Oil 

A 

10 

0.1 ^m 

0.3 to 0.8 Mm 

2 hr 

30 to 60 

-5 to 30 

20 by 20 


B 

100 

0.1 fiin 

or MW' 

6 hr 



150 by 150 


C 

1000 

0.1 nm 


7 days 



300 by 300 

Plankton 

A 

10 



1 day 

30 to 60 

—5 to 30 

20 by 20 


B 

100 



7 days 



150 by 150 


C 

1000 

0.05 /im 


7 days 



300 by 300 

Sediments 

A 

10 

0.05 fOci 

0.4 to 0.8 Mm 

1 day 

30 to 60 

-5 to 30 

20 by 20 


B 

100 

0.05 Mm 


7 days 



160 by 160 


C 

1000 

0.05 fiin 


7 days 




Bathymetry 

A 

10 

10 percent 

0.4 to 0.8 Mm 

30 days 

30 to 60 

-5 to 30 

300 by 300 


B 

100 

of aver- 







C 

1000 

age depth 






Tides 

A 

1000 

±1 Kor 

10 to 12, 

2 hr 


-5 to 30 

20 by 20 


B 

1000 

0.1 Mm 

3 to 5, or 

6 hr 



150 by 150 


C 

1000 


4 to 11 Mm 

7 days 



300 by 300 

Nutrients 

A 

10 

0.015 Mm 

0.4 to 0.8 Mm 

1 day 

30 to 60 

—5 to 30 

20 by 20 


B 

100 

0.015 Mm 


7 days 



160 by 160 


C 

1000 

0.015 Mm 


7 days 



300 by 300 

Chemical and toxic wastes . 

A 

10 

0.015 Mm 

0.3 to 0.8 Mm 

5 hr 

30 to 60 

-5 to 30 

20 by 20 


B 

100 

0.015 Mm 


7 days 



160 by 160 


C 

1000 

0.015 Mm 


7 days 



300 by 300 


“ A=:locate source; B = determine effect; C=model inputs. 
" NA=not applicable. 

' MW =microwave. 
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